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Project Summary: 

The UNH investigation during TRACE-P provided measurements of selected 
acidic gases and aerosol species aboard the NASA DC-8 research aircraft. Our 
investigation fwused on measuring “03, S02, and fine (<2 pm) aerosol SO,‘- with two 
minute time resolution in near-real-time. We also quantified mixing ratios of aerosol 
ionic species, and aerosol 21@Pb and 7Be collected onto bulk filters at better than 10 
minute resolution. This suite of measurements contributed extensively to achieving the 
principal objectives of TRACE-P. In the context of the full data set collected by 
experimental teams on the DC-8, our observations provide a solid basis for assessing 
decadal changes in the chemical composition and source strength of Asian continental 
outflow. This iegon ofthe Pacific should be kpic t& pidotindly by Asian emissions at 
this time with significant degradation of air quality over the next few decades. 
Atmospheric measurements in the western Pacific region will provide a valuable time 
series to help quantify the impact of Asian anthropogenic activities. Our data also 
provide important insight into the chemical and physical processes transforming Asian 
outflow during transport over the Pacific, particularly uptake and reactions of soluble 
gases on aerosol particles. In addition, the TRACE-P data set provide strong constraints 
for assessing and improving the chemical fields simulated by chemical transport models. 

Objectives 

This investigation pursued the following specific objectives through measurements on the 
DC-8 and subsequent analysis: 

1. To conduct measurements of “03, SO2, fine (< 2.5 pm) aerosol S042-, and 
selected additional aerosol species to provide concentration and compositional 
information on Asian continental outflow over the western North Pacific; 

2. To investigate the fate (e.g., scavenging, dilution, productionhegeneration) of 
soluble gases and aerosols in continental outflow air parcels as they evolve and 
age during transport across the western/central North Pacific; 

3. TO use our high resolution measurements of iine aerosol SO?- to gain new insight 
on inter-relationships of aerosols and trace gases (e.g., SO*, CO, CO2, and 
hydrocarbons) in “fkesh” to more “aged” continental outflow; and 

4. To use the distributions of the naturally occumng radionuclides ” 9 b  and 7Be to 
serve as tracers of continental and stratospheric air parcels respectively, especially 
for air parcels sampled 1-3 days since leaving the Asian continent. 

UNH Contributions to TRACE-P 

actively participated in all science team meetings. Members of our group took the lead 
on five different manuscripts which have been published in JGR. Four of these papers 
focused on establishing the distribution of Asian outflow in the study region, using 

We provided all proposed data products (preliminary and final) on time, and 
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different approaches. The fifth primarily examined the interaction between airborne 
Asian dust and anthropogenic pollution. 

Dibb et al., 2003 focused on the distribution of aerosol-associated ions and 
specifically compared geographic regions that had been sampled previously in the PEM 
West B campaign. Mixing ratios of ions associated with dust and anthropogenic 
pollutants were much higher near Asia during TRACE-P than they had been during PEM 
West B. This finding was unique in the TRACE-P data set since most gaseous pollutants 
showed small changes between the two campaigns. Increasing emissions of dust due to 
land use changes in China accounted for the enhancements observed over the downwind 
Pacific ocean, but it is not clear why pollution tracers like sulfate, nitrate and ammonium 
associated with aerosols showed much larger increases than most gaseous poiiutants. 
Jordan et al., 2003% Russo et al., 2003 and Talbot et al., 2003 all used the transport 
history of sampled airmasses (derived from backwards trajectories provided by H. 
Fuelberg's group) to bin the TRACE-P data into several regions of origin. Russo et al., 
2003 presented a large scale picture of the distribution of most compounds measured 
fiom the DC-8 while Jordan et al., 2003% and Talbot et al., 2003 focused on aerosols and 
reactive nitrogen oxides respectively. Companion papers by Blake et al., 2004 and 
Browell et al., 2003 also described large scale characteristics of the airmasses east of 
Asia, using different analytical and statistical approaches. All of these papers agreed on 
one fbndamental issue; Asian outflow encountered during TRACE-P generally reflected a 
complex mixture fiom a variety of natural and anthropogenic sources. 

Jordan et al., 2003b addressed the interaction between anthropogenic acids and 
continental dust, and the impact of this interaction on the composition of aerosols and the 
gas phase in heavily polluted airmasses just a few days downwind of China. This 
analysis confirmed that models will need to adequately capture such heterogeneous 
processing if the evolution of continental outflow or megacity plumes is to be accurately 
simulated. Tang et al., 2004 used the TRACE-P data set to test one such model, which 
has a relatively detailed aerosol module, with encouraging results. 

Dibb et al., 2003 also presented the distributions of the radionuclide tracers, and 
used these to provide insight into the impact that stratosphere/troposphere exchange and 
deep convection with precipitation scavenging had on the distributions of soluble aerosol- 
associated ions. Liu et al., 2004 used these tracers in a chemical transport model to 
assess the relative importance of photochemical production versus injection h m  the 
stratosphere as a source of tropospheric ozone. 
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[I J Aerosol associated soluble ions and the radionuclide tracers ’Be and 21%b were 
quantified m 414 filter samples collected in spring 2001 f+om the DC-8 during the 
Transport and Chemical Evolution over the Pacific (TRACE-P) campaign. Binning the 
data into near Asia (flights fkom Hong Kong and Japan) and remote Pacific (all other 
flights) revealed large enhancements of NO?, SO,“, C204r, NH;, K’, Mgz+, and Ca” 
near Asia The boundary layer and lower troposphere were most strongly i n f l ~ ~ ~ c e d  by 
continental outflow, and the largest enhancements were seen m Ca” (a dust tracer) 
and NOT (reflecting uptake of HN03 onto the dust)- Comparing the TRACE P near Asia 
bin with earlier results from the Same region chuing PEM-West B (m 1994) shows at 
least twofold enhancements during TRACE P in most of tbe ions listed above. Calcium 
and NO; were most eahanced in this comparison as well (more than sevenfold higher m 
the boundary layer d threefold higher in the lower troposphere). Independent 
estimation of Asian emissions of gaseous precursors of the aerosol-associated ions 
suggest only small changes between the two missions, and precipitation fields do not 
suggest any significant difference in the efficiency of the primary sink, precipitation 
scavenging. It thus appears that with the possible exception of dust, the enhancements of 
aerosol-associated species during TRACE P cannot be explained by stronger sources or 
weaker sinks. We argue that tbe enhancements largely reflect the fact that TRACE P 
focused on characterizing Asian outflow, and thus the DC-8 was more fkquently flown 
into regions that were influenced by well-organized flow off the continent. LWEX 
mfs: 0305 Atmospheric Composition and Structure: Aerosols and parbcles (0345,4801); 0365 
Atmospheric Composition and Structure: Tmposp-ition and chemistry; 0368 Atmospheric 
Composition and Shuctur . Tmpsphere-constituent transport and chemistry; KEZWOlWS: Asian &ow, 
TRACEP, aerosol-associated soluble ions, berylJiwn-7,lead-210 

Citian: D i i .  J. E., R W. Talbot. E. M. schena, G. Seid M. A. Awry. and H. B. Sigh, Aerosol chemical composition in 
Asian continental outflow &ring the TRACE-P Campaign: Compansoo . with PEM-West B. J.  ~ ~ ~ J s .  Res., 108@21), 8815, 
do? 10.102912oo21wO3 11 1,2003. 

1. Intrduction 
[2] The Transport and Chemical Evolution over the 

Pacific (TRACE-P) aircraft mission was the third time 
NASA’s Global Tropospheric Experiment has targeted the 
western north Pacific. TRACE-P deployed two aircraft to 
conduct intensive samplmg flights out of Hong Kong and 
Yakota Air Force Base in February-April 2001. These 
operation bases were also used during the Pacific Explor- 
atory Mission (PEM) West A (in 1991) and B (in 1994) 

Copyright 2003 by tk Amaican Gcclphyslcal Union 
0148-Q2~7/03~OO22wO3 1 llSO9.00 

campaigns. TRACE-P flights used the combined capabili- 
ties of the Dryden DC-8 and the Wallops P3 to cfiaracterize 
the composition of Asian outtlow and assess changes in h t  
composition during transport [Jacob er al., 20033. The 
PEM-West campaigns used just the DC-8 in more of a 
survey mode. addressing several c o m e  objectives. 

in the region proceeds at an increasing pace, it is expected 
that export of pollution to the Pacific Ocean and regions 
even further downwind will increase [Houghton et al., 
2001 J. Concern over inten;ontinental hamport of mataials 
introduced into the atmosphere by anthropogenic activities 
has led IGPB’s Intematiod Global Atmospheric Cheanistq 

[s] As the population of Asia grows and i- 011 
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project to coordinate a new initiative focused on quantifying 
such long-range impacts. Transport of particles, including 
relatively coarse dust aerosol mixed with pollution, across 
the Pacific to western north America has been documented 
frequently in the past few years [ e g ,  Gregon, et al., 1997; 
Xiao et al., 1997; Jafe et al., 1999, 2003; Newel1 and 
Evans, 2000; Mlkening et al., 2000; Husar et a)., 2001; 
McKendry et al., 2001; Tratt et al., 2001; Uno et al., 2001; 
Vaughan et al., 2001; Thulasiraman et al., 20021. 

[J] The U" group made in situ measurements of 
soluble acidic gases [Talbot et al., 20031 and of aerosol- 
associated species collected onto filters from the DC-8 as 
part of TRACE-P. This paper focuses on the filter sampling, 
which provide distributions of ten water-soluble ionic 
species and the natural radionuclides 'Be and 210Pb, in 
the troposphere above the western north Pacific. The suite 
of ions includes several that are dominantly derived from 
anthropogenic emissions in much of the Northern Hemi- 
sphere (e.g., NOT, SO;, and N&+), others that have been 
used to trace bioinass burning emissions (e.g., K+, PO:, and 
C20;). and a suite dominated by emissions of soil dust and 
sea salt into the atmosphere (e.g., Ca2+, Mg", NaC, 
and C1-). We note that airborne dust can have both natural 
and anthropogenic sources, while generation of sea-salt 
aerosols is still largely a natural process. Beryllium-7 is a 
cosmogenic isotope produced in the atmos here Maximum 
production is near IS km altitude; thus Be 1s a tracer of 
stratospheric and upper tropospheric air masses mixing 
downward into the troposphere. Lead210 is a daughter of 
222Rn, which is released from soils and rocks on continents. 
Therefore 'loPb can be usehl as a tracer of air masses that 
have been impacted by the continental boundary relatively 
recently. 

[s] Most of the aerosol-associated ions that we measured 
on filters were also quantified with Particle into Liquid 
Sampler techniques employed on both the Wallops P3 and 
the NCAR C-130 (as part of the ACE-Asia campaign) [Ma 
et al., 2003, Y. Ma et al., Intercomparisons of airborne 
measurements of fine particle ionic chemical composition 
during TRACE-P and ACE-Asia, submitted to Journal of 
Geophysical Research, 2003, hereinafter referred to as Ma 
et al., submitted manuscript, 20031. Several additional 
techniques to characterize the chemical composition of 
aerosols were also used on the C-130. As part of 
TRACE-P, three instrument intercomparison flight legs 
were conducted where the DC-8 and P3 endeavored to 
fly in close formation for up to 1.5 hours [Eisele et al.. 
20031. In addition, the P3 conducted similar coordinated 
sampling for intercompanson with the C-130 during part of 
two flights. K. Moore et al. (Intercomparison of aerosol 
physical, optical and chemical characteristics measured 
from 3 platforms during TRACE-P and ACE-Asia, submit- 
ted to Journal of Geophysical Research, 2003) and Ma et al. 
(submitted manuscript, 2003) discuss the results of these 
intercomparisons for the range of aerosol measurements 
that were made on the different platforms. A primary 
conclusion was that inlet and operational details made it 
difficult to compare the composition measurements, since 
most, if not all, of the instruments were measuring different 
size fractions. Because of this complication, we restrict our 
attention to the DC-8 filter sampling. However, the bulk 
aerosol sampling system we used on the DC-8 has not 

7 p  . .  

changed since 1991, and our analysis has been by ion 
chromatography throughout the GTE program. Thus our 
TRACE P results should be comparable to all previous 
missions where we measured bulk aerosol composition 
from the DC-8. In particular, we will compare TRACE-P 
results to those h m  PEM-West B, which was conducted in 
the same general region during the same season in 1994. 

2. Metbods 
2.1. Sampling 

[6]  We collected aerosols from the DC-8 using the U" 
dual sampling probe that we have employed for all GTE 
missions on the DC-8 (all missions since 1991 except for 
TRACE A). This system was reproduced and also flown on 
the P3 during PEM Tropics B and is described in detail by 
Dibb et a!. [2002] and references therein. These probes 
employ curved leading edge nozzles, isoaxially mounted 
inside cylindrical shrouds, and have adjustable sampling 
flow rates to maintain isokinetic sampling (within IOX). 
Dibb et al. [2002] discuss evidence we have obtained over 
several past missions which indicates that the way we 
operate these probes allows us to sample ambient aerosol 
particles with diameters up to at least 6 microns without 
significant losses in the sampling probe. 
[7] As in past missions, sampling during TRACE-P was 

generally restricted to level flight legs. One of the sampling 
probes was used to collect aerosol-associated soluble ion 
samples onto 90 mm diameter 2 micron Millipore Fluoro- 
pore filters. The other probe was used to collect aerosol- 
associated 'Be and *l0Pb on 90 mm diameter Whatman GF/ 
A glass fiber filters. Continual improvement in the sensi- 
tivity of our analytical system, low and stable blank values 
fiom the Fluoropore filters, and relatively heavy aerosol 
loading over the westem Pacific allowed us to reduce filter 
exposure time compared with all previous missions. A total 
of 414 filter pairs were exposed on the 17 science (transit 
and intensive) flights the DC-8 conducted during TRACE-P. 
Sampling intervals ranged fiom 1 to 40 min but averaged 
just over 6 min at altitudes below 1 Ian, 9 minutes from 1 to 
6 km, 14 min between 6 and 9 km, and 17 min at altitudes 
above 9 km. Median sample exposure times in these altitude 
bins were slightly shorter than the means but not by more 
than 10%. 

2.2. Analysis 
[SI Exposed filters were stored in zero-air-purged clean 

room bags in a cooler [see Dibb et al., 20021 until they were 
extracted immediately after each flight. Because our acidic 
gas sampling system [Talbot et al., 20031 includes two 
custom ion chromatographs configured for anion analyses, 
it has been our practice to quantify anions in the aerosol 
filter extracts on the next nonflight day (usually the next 
day) and to preserve the remaining solution with chloro- 
form. Cations are quantified in our laboratories in New 
Hampshire as soon as the samples have been returned at the 
end of the campaign. We began TRACE-P in this fashion, 
but the large number of aerosol samples collected made it 
impossible to keep up with the anion analyses. All extracts 
f?om flights 4 through 10 were analyzed in the field, for 
flights 11-20 the preserved extracts were returned to New 
Hampshire for quantification of both anions and cations. We 
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Tabk 1. Summary of the 37 Blank Filters Genemted During 
TRACE-P 

Bin, Volume, 
km SCM c1- NO; PO: SO; C20i Na+ K' Mg2" Ca" 

hading on Blanks, mol jltm-' 
M a  7.2 15 0.1 1.8 Q A  14.6 3 5  1.9 0.1 1.3 
Std. 1.6 03 0.2 0.3 0.5 1.1 0.1 1.0 0.4 3.6 
DN. 

Lker&inty m Mixing Ra!ios Due 10 B h k s ,  p p  
(1 2.18 265 2.8 2 3  2.6 5.1 21.1 6.1 10.0 4.4 37.2 
1-6 288 20.0 1.1 1% 1.9 3.9 15.9 5.1 7.6 3.3 28.2 
6-9 3.10 18.6 2.0 1.6 1.8 3.6 14.8 4.7 7.0 3.1 26.2 
>9 L58 12.4 2.4 211 2 2  43 17.8 5.6 8.5 3.7 315 

also remlyzed anions in the samples h m  the first seven 
flights and folmd no significant changes due to storage (for 
up to 6 weeks). 

fight) by placing a filter into a cassette, inserting it into 
the sampling probe, and opening all valves to allow airflow 
for less than 5 s. These blanks were then stored in purged 
clean room bags and exha%xi along with the exposed 
filters. We have found that Variabilay m the loading of 
anaiyte ions OD blank filters often collstitlltes the largest 
source of uncatainty m dekmmmg the mixing ratios of 
aerosol-associated ions. Dibb et al. [2002] noted that 
Fluoropore blanks dumg PEM Tropics B were much lower 
and less variable than we had ever obtaimd with Zefluor 
filteas, reducing uucmady aod leading 60 lower W o n  
limits. Mean vahtes of the iaa coadings on TRACE-P blank 
filters (Table 1) were similar ( o b  slightly higher) than 
those for PEM Tropics B, but the variability was less by 
50- 100%. The more slable blanks yield lower uncertainty, 
but this is partly negated by the smaller sample volumes 
during TRACE-P. Table 1 shows the contribution variability 
in the blanks makes to unmtainty in calculated mixing 
ratios for samples with volumes equal to the mean in each 
of 4 altitude bins. (Note that we report mixing ratios of 
aerosol-associated ions in units of parts per trillion (ppt = 
(picomoles of analyte) (mole of air)-') to facilitate com- 
parison to gaseous precursors.) Samples with larger 
(smaller) volumes of air filtered will have proportionately 
smaller (larger) uncertain@. During TRACE-P the range of 
sample volumes was 0.9-4.0, 1.4-6.8, 1.2-7.0, and 12- 
5.8 standard cubic meters (SCM) m the boundary layer, 1 - 
6 km, 6-9 km, and >9 km altitude bms, respectively. 
Therefore the Unceztainty in mixing ratios reported for any 
sample rarely differ fkm those listed in Table 1 by more 
than a faaor of two. 

[IOJ Glass fiber filters were returned to UXW by express 
mail in several groups during the deployment, so that 'Be 
(half-life = 53 days) could be quantified by nondeshuctive 
~amma spectroscopy as quickly as possible. We quaurn 
'% through aIpha spectroscopic determination of "%, 

after allowing at least 1 1  monb fbr the daughter to "grow 
in" [Dibb el al., 19961. 

23. B u g  and Avenging 
[ 1 1 3  One focus of the following discussion is comparing 

the distribution of aexosol-associated species between 
TRACE P and PEM West B. Dibb et at! [1996. 19971 

[9] Blank F l ~ ~ r o p ~ r e  filters were generated (2-3 per 

. .  

found it convenient to divide the study region sampled 
during PEM West A and B into two broad subregions: near 
Asia and remote noxd~ Pacific. We will follow this lead and 
consider that all of the TRACE-P flights out of Hong Kong 
and Yakota (except the txansit h m  Japan to KOM) sampled 
the near-Asia region (Figure 1). We consider the west- 
bound transit flights (Dryden to Kona, Kona to Guam, 
and the first half of Guam to Hong Kong) and the return 
(Japan to KOM to Dryden, including the local flight out of 
KoM), to have sampled the remote Pacific. This division is 
based on the operational bases of the DC-8, which guided 
the scientific objectives of each flight [Jacob et QZ., 20031. 
rather than any strict geographic consideration. However, 
the vast majority of near Asia samples were collected west 
of 150 E, wi.tf! aear!y d l  rmc te  szxn?Ies east of &is 
longitude (Figure 1). 

[n] The near-Asia region substantially overlaps the com- 
parable region considered during both PEM West cam- 
paigns, with some potentially significant differences that 
will be discussed more fully later. The TRACE-P mmte 
Pacific data set has a much greater emphasis on the eastem 
Pacific and correspondingly less sampling m the tropical 
and subtmpical westem north Pacific, than either PEM West 
campaign. TRACE-P sampling was also restricted to lat- 
itudes south of 47 N, con- the transit BJ&S through 
Anchorage on both PEM West campaigns. It h u l d  also bt 
emphasized that the nu~~ber  of samples in both regions was 
much higher during TRACE-P (284 versus 72 near Asia 
samples, 130 vedsus 44 remote samples in PEM West B, 
with even fewer samples in PEM West A). 
[ 131 We have used the altitude bins defined by Dibb et al. 

[ 1997); 4 lan to represent the boundary layer, 1 -6 h as a 
lower troposphere bin, and 6 - 9 and >9 km to represent the 
middle and upper troposphere, respectively. A dispropor- 

each of the geographic regions) fall into the boundary layer 
bins, largely due to the shorter sample times we used at low 
altitude. To further highlight the larger size of the TRACE-P 
data set, we note that m r e  samples were collected in the 
near Asia boundary layer during TRACE-P than the total at 
all altitudes in both regions during PEM West B. 

[MI We also compare the distributions of selected gas- 
eous species (03, "NO3, and PAN) to the aerosol-associated 
species which are the primary focus. All of tbese gases were 

tionate fiaction of OUT filter samples (approximately 40?? in 

40 
8s sso 
325 

20 
15 
I O  

p o a 0 2 4 0  

Figare 1. Geographic distribution of bulk aerosol filter 
samples collected from the DC-8 during TRACE-P. 
Samples shown with crosses are considered to be near 
Asix those indicated by diamonds are considered to be over 
the remote Pacific in this paper. 
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Figure 2. Mixing ratios of aerosol-associated SO; as a 
function of altitude in the two geographic bins. The solid 
diamonds (connected by the lines) show the means in four 
altitude bins (4, 1-6,6-9, and >9 km). Vertical error bars 
on the solid diamonds indicate the depth of the altitude bins, 
while the horizontal bars show the standard error of the bin 
means. 

measured at higher frequency than we collected aerosol 
filters, and detailed discussions of their high-resolution data 
sets are presented in companion papers in this issue. In this 
paper we exclusively use a merged data set, generated by 
the GTE project office, wherein all fast response measure- 
ments were averaged to the varying integration time of the 
individual aerosol filter samples. 

3. Results 
[IS] The distribution of SO; as a function of altitude in 

the two geographic bins illustrates our sampling density, 
and highlights two features that are common to the distri- 
butions of many of the aerosol-associated species (Figure 2). 
In the boundary layer mixing ratios vary over more than an 
order of magnitude, but even the lowest values tend to be 
enhanced compared with those in the fkee troposphere. As a 
result, the boundary layer means exceed those in the lower 
troposphere by more than a factor of 2.5 and are at least 15- 
fold higher than upper troposphere means. Similarly rapid 
decreases with altitude characterize the distributions of C1-, 
NO;, Na+, N g ,  K', Mg", and Ca2+, with the trend more 
striking near Asia for Ca2+ and K' (Table 2). It should be 
noted that the summary statistics tabulated in Table 2 
consider only those samples for which the individual ion 
was above detection limit and thus may considerably 
overestimate the mean and median in some of the higher 
altitude bins (e.g., PO; and C1- above 9 km near Asia, 
PO;, C1-, Na+, Mg", Ca2' in the highest remote bin). 
(Dibb et al. [1997] also omitted below detection limit 

samples when calculating summary statistics for the PEM 
West B data set.) However, it must also be pointed out that 
despite the smaller sample volumes for TRACE P samples, 
a smaller proportion of samples were reported as below 
detection limit than in all previous GTE campaigns. Below 
6 km, all aerosol-associated species except 'Be and PO; 
were quantified in more than 90% of the near Asia samples 
and in more than 65% of the remote Pacific samples. At 
higher altitudes all species (except for PO; far fiom Asia) 
were quantified in more than 27% of all samples, while 
those species usually dominating the accumulation mode 
("; and SO;) were too low to quantify in just two and 

Table 2. Concentntions of Aerosol-Associated Species in Eight 
Geographic/Altitude Bins Over the North Pacific During 
TRACE-Pa 

CI- NO: PO; SO; C20; Na+ NH: K' M C  Ca2' 'Be 210Pb 
Near Asia 

<I km (118 Samples) 
nb 118 118 46 118 114 118 118 115 118 112 78 118 
Mean2022 839 33 1574 67 2238 1613 276 366 1366368 20.3 
S e d  150 136 3 121 5 163 147 29 30 243 37 1.2 
Med. 1839 508 32 1497 56 1878 1332 210 281 407 289 16.9 

1 - 6 bn (67 Samples) 
nb 47 66 57 67 67 61 67 67 63 58 47 67 
Mean214 220 8 587 39 422 528 98 156 969 500 10.7 
SenC 64 72 2 103 5 152 82 25 53 345 68 0.6 
Med. 45 73 5 346 28 61 371 42 25 135 442 10.2 

6-9 km (44 Samples) 
nb 15 39 19 44 44 24 44 33 25 24 31 44 
Mean66 42 4 158 12 73 148 17 23 118 847 7.5 
Sed 21 10 0.6 21 1.5 29 20 3 7 35 213 0.6 
Med. 21 25 3 115 12 8 115 10 8 52 562 6.5 

>9 km (55 Samples) 
nb 12 35 11 52 46 18 53 24 16 22 45 55 
Mean 100 12 4 54 7 72 58 15 28 81 1057 4.9 
Sed 30 3 0.5 9 0.9 23 10 6 11 25 240 0.3 
Med. 34 5 4 27 6 27 37 4 11 28 504 4.8 

Remote Pacific 
<I  knl (21  Samplfs) 

nb 51 51 3 51 49 51 49 51 51 47 19 51 
Mean2608 139 12 490 76 2523 522 79 261 93 381 7.0 
Senc 242 11 4 37 2 211 37 6 23 10 61 0.4 
Med. 1699 129 16 422 23 1637466 65 167 85 450 6.8 

1-6 bn (34 Samples) 
nb 24 27 5 34 33 22 32 28 20 13 12 34 
Mean491 29 5 130 11 506 137 23 65 87 425 6.9 
S e d  168 6 3 22 1 163 24 5 21 33 81 0.9 
Med. 55 18 5 105 9 114 129 15 22 25 367 7.0 

6- 9 h ( I 2  Samples) 
nb 2 10 3 12 11 4 12 8 5 3 5 12 
Mean 11 9 1 61 21 15 86 15 1 11 657 6.9 
Sen' 6 2 2 18 5 8 221 6 0.7 6 312 1.0 
Med. 11 9 1 47 18 15 82 5 0.5 15 400 6.4 

>9 km (33 Samples) 
nb 12 21 3 33 29 12 33 14 13 11 24 33 
Mean99 7 3 49 18 125 60 17 4 33 1838 6.5 
S~K'  32 1 2 6 2 43 9 9 1 7 578 0.6 
Med. 49 5 2 37 18 62 52 5 0.8 22 691 6.1 

radionuclide tracers an p k ~ n  
"Ions are reported in mixing ratios as parts pa trillion @pt) while the two 

a i  SCII-'. 

bHere n is the numbex of samples above detection limit. 
'Sen is the standard error (=standard deviatiodsquare root of n). 
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h e e  samples, respectively (Table 2). Oxalate and "%b also 
decrease with altitude, but their gradients are less steep than 
the ions listed above. The distribution of 'Be is unique among 
all the aerosol-associated species, increasing strongly with 
altitude (Table 2). This is not unexpected, given the produc- 
tion profile (maximum near 15 km) and the much higher 
concentrations of 'Be in the stratosphere. 

[M] The distriution of SOT also illussrates the enhance- 
ment of several aerosol-associated species near Asia. Peak 
mixing ratios in the boundary layer and lower troposphm 
were roughly an order of magnitude higher in this region 
(Figure 2), and the aveaage was more than 2.6-fold higher in 
all near Asia bins below 9 km (Table 2). Nitrate and Ca2' 
showed even larger enhancements (>4.7- and >10.7-fold, 
respectively) near Asia than did SO;. Oxalate, NH:, K', 
and enhancements near Asia were comparable to 
those in SO; but only in the boundary layer and lower 
troposphere, while &e Mg" enhancement near Asia m- 
creased with altitude. In contrast, mean mixing ratios of CI- 
and Na' were higher in the remote low-altitude bins, and 
Be mean concentrations did not differ by more than 30% 

below 9 h. 
[IT] Calcium shows the largest enhancements near Asia 

of all aerosol-associated species (Table 2). Soluble Ca2' is 
ofien considexed to be the best tracer of continental dust 
among the ionic species, though sea salt is also a significant 
source of Ca2' which can dominate in the marine boundary 
layer fsr from land [e.g., Dibb et ai., 1999al. During 
TRACE-P it is clear that outflow of Asian dust was the 
ovexwheimingly dominant source of ca". as it was p t i y  
in excess of the sea-salt ratio m all near Asia fke tmpo- 
sphere samples, most of the remote tropospheric samples, 
and in many boundary layer samples fkom both regions. The 
abundance of Asian dust in the near Asia region also 
impacted the distribution of M$', particularly below 
9 km. However, the larger contribution that sea salt d e s  
to Mg" mixing ratios (Mg" is more than fivefold more 
abundant than Ca'+ in sea salt, on a molar basis) masked the 
enhancement of dustderived Mg" in the near Asia region. 
The dust hction of.Mg2' was Likely 10-15 times higher 
near Asia tfian over the remote Pacific, but the lower sea- 
salt mixing ratios near A& resulted in total M$ enhame- 
ments that were roughly a Wor of 2 below 6 km, (Table 2). 
In the remote Pacific the relationships bedween Na' and 

of MC. It should be noted that the abundance of dust near 
Asia is so high in some samples &at a significant fiactioo of 
the measured Na' may also be derived firom this some 
[e.g., Song and Cannichoel, 20011. In a later section, we 
will use Na' to estimate the non-sea-salt (nss) M o a  of 
several ions but recognize that these will be underestimates 
to the extent that Asian dust is a source of the measured 
Na'. Jordan et ai. [2003a] base much of their discussion on 
similarly estimated nss tiactions and argue that dustdea-ived 
Na' is only likely to be significant in a small m m k  of 
samples originating fkom a limited region. 

[la] As noted above, Na-  shows the second highest 
enhancements near Asia, followed by SO," and NH; 
(Table 2). The precursors of all three of these ions are 
emitted by a range of anthropogenic activities; hence they 
are often considered to be pollution tracers. Jordan et al. 
[2003a] demonshate that uptake of HNa onto Asian dust 

7 

Mg" are consistent with sea salt being the dominant SoLPrce 
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F@ue 3. Scattex plots of NH: against SO: m the same 
eight bins. The dotted lines have slopes of unity, 
corresponding to NH.J-IS04. Solid lines are least squares 
fits of the data. 

can account for many of the highest mixing ratios of 
aerosolassociated NG;, while uptake of H N 4  onto sea- 
salt aerosol contributes to elevated N03- in boundary layer 
regions with smaller dust loading [Talbot et al., 20031. 
Sulfur dioxide and HzSO4 can react with sea salt, dust, 
and NH3 to fbrm aerosol SO,". It is likely that all three 
processes contributed to the aerosol-associated SO,= we 
measured during TRACE-P, though the strong relationships 
between SO: and NHZ suggest that fbrmalion of -HSO4 
may have been extensive near Asia (Figure 3). If most of the 
SO," exported k m  Asia is associated with NH; m accu- 
mulation mode particles rather than on coarse sea salt and 
dust, the potential for very long-range transport across the 
Pacific will be increased. Scatter plots of SOT versus Ca2' 
(not shown) show essentially no relationship except that 
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samples with very strong dust signals (4- 15 ppb Ca2? also 
have elevated SO; (2-5 ppb). Similarly, SO; shows no 
clear relationship to Na' (plots not shown). Unfortunately, 
size-resolved measurements, which could confinn that SOT 
is dominantly associated with fine particles, were not made 
on the DC-8. However, measurements made from the 
NCAR C-130 during ACE Asia did find that SO; was 
predominantly in the accumulation mode (B. Huebert, 
personal communication, November 2001). On the other 
hand, SO; does show general correlation with PO; and 
C20;, particularly near Asia (not shown). Their relation- 
ships to SO;, and their enhancements in the two low- 
altitude near-Asia bins (Table 2), suggest that PO; and 
C 2 0 i  are also anthropogenically impacted components of 
the Asian outflow sampled during TRACE-P. 

4. Discussion 
[i9] Jordan et 01. [2003b], Russo et al. [2003], and Talbot 

et 01. [2003] all use the same binning scheme based on air 
mass origin (from trajectories) to characterize the compo- 
sition of Asian outflow sampled from the DC-8 during 
TRACE-P. Blake et al. [2003], combined the extensive data 
sets on hydrocarbons and halocarbons collected from the 
DC-8 and P3 and searched for signatures of specific types 
of emissions ( e g ,  regional differences in urbadindustrial 
sources, biogenic emissions, biomass burning, etc.). All of 
these authors conclude that the continental outflow gener- 
ally contained a mixture of emissions that made it difficult 
to pinpoint the influence of specific sources or regions. 
Bartleft et al. [2003] focused on CH4 measurements from 
both aircraft and used spatial binning to address similar 
issues. They also found that the distribution of CH4 and its 
relations to selected NMHC reflected the influence of a 
complex mixture of sources but show that biomass burning 
and biofuel combustion emissions from Southeast Asia had 
a dominant influence on upper tropospheric air in the 
central Pacific. Simulations with the global threedimen- 
sional model, GEOS-CHEM, indicate that biomass burning 
emissions in south east Asia had to be lifted to the middle 
and upper troposphere before they could be advected into 
the TRACE P study region [Liu et al., 20031. Cannichael et 
al. [2003] find that their regional-scale three-dimensional 
chemical transport model (STEM 2K1) reproduced this 
feature as well, and Ma et al. [ZOO31 present fine K' 
measurements on the P3 which show biomass burning 
plumes from Southeast Asia above polluted boundary layer 
outflow. Simulations with STEM 2KI also suggested that 
near Asia the processes exporting dust and pollution into 
the Pacific generally caused layering, with dust overlying 
urbadindustrial pollution (G. Carmichael, personal com- 
munication, June 2002). M. Chin et al. (An assessment of 
regional Pacific Rim s u l k  chemistry based on observa- 
tions from TRACE-P and ACE-Asia, submitted to Journal 
of Geophysical Research, 2003) found similar vertical 
separation of dust and pollution in their global model, 
consistent with observations from previous airborne sam- 
pling [Clarke and Kapusrin, 70021. 

Po] We examined the vertical distributions of aerosol- 
associated ions in the near-Asia bin to see if they provide 
evidence that outflowing pollution (from urbadindustrial 
sources and from combustion of biomass) and dust are 
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Figure 4. Altitude distributions of nss SOi (considered to 
represent urbadindustrial emissions), nss K', and C20: 
(often tracers of biomass burning) and nss Ca2+ in the 
TRACE-P near-Asia region. Sea-salt corrections use Na' as 
the tracer. The points are plotted at the mean (upper panel) 
and median (lower panel) values of normalized mixing 
ratios in 4, 1-3,3-5,5-7,7-9, and >9 km altitude bins. 
The nonnalization process consisted simply of dividing 
mixing ratios in each sample by the mean in the >9 km bin. 

transported at different altitudes. Non-sea-salt Ca2' was 
selected as the dust tracer, using Na' to estimate the sea- 
salt fraction. Non-sea-salt SO; represents urbdindustrial 
pollution, while nss K' and C 2 0 i  where included as the best 
tracers of biomass or biofuel combustion among the 
aerosol-associated ions (C20T and its precursor H&O4 is 
a product of combustion generally but has been shown to be 
greatly enhanced in boreal wild fires [ L e f i  et al., 1994; 
Gorzelska et al., 19941). Simply dividing the 1-9 km 
altitude band into four bins of 2 km thickness reveals that 
nss SO; (and also N H a  is greatly elevated below 1 km, 
while the highest mean nss Ca2' (also nss Mg23 mixing 
ratios are found in the 1-3 km range. In order to show all 
four tracers on a comparable scale, we divided the mixing 
ratios of tracer ions in each sample by their means above 
9 km and then calculated summary statistics for the normal- 
ized values in six altitude bins (-4, 1-3, 3-5, 5-7, 7-9, 
and >9 km) (Figure 4). Enhanced transport of dust between 
1 and 3 km occurs in well-organized plumes with very 
elevated concentrations [Jordan et al., 2003a, 2003b1, as 
demonstrated by the fact that the mean for this bin but not 
the median is the highest in the near-Asia region. It should 
be noted that there is substantial dust in the boundary layer 
bin, mixing with the pollution and also that nss SO; 
is present in abundance in the 1-3 km bin where dust is 
highest (Figure 4). One result of mixing dust with the 
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Figare 5. Mean partitioning of inorganic nitrate between 
the gas and particulate phases in the eight bins defined in 
Table 2. Error bars as defined for Figure 2. 

pollutant emissions during transport over the Pacific is that 
" 0 3  is taken up by the dust [Jordm et 01.. 2003a1, 
causing a larger fiaction of inorganic NGT to be found in 
the particulate phase in the near-Asia region in all altitude 
bins up to 9 Inn (Figure 5). The mean mixing ratios ofnss 
K" and C20; smoothly decrease with altitude, like nss SO; 
(Figure 4), suggesting that their  source^ are mixed with 
urbadidustrial emissions before reaching the TRACE-P 
study region. It does not appear that the large-scale dis- 
tributions of aerosol-associated ions provide any evidence 
for an influence fiom biomassbofuel combustion that can 
be separated h the general urban/industrial emissions in 

4.1. Insigbts From the Radionedide Tracers 
[21] Relatively strong correlationS between "% and 4, 

and weak or no relationships between 7Be and 0, during 
bo& of the PEh4 West campaigns suggested that mpo- 
spheric produdion was a much more significant 0, source 
than injection from the stratosphere for the Pacific region 
during the campaigns [Dibb et al., 1996,19971. In the fall of 
1991 (PEM West A), d 0 3  were correlated through- 
out the troposphere in both regions; dunng the spring of 
1994 (PEM West B) tfiis relationship was only apparent 
over the remote Pacific. 
b23 Therelation~hipbetween~Beand~ChiringTRAcE-P 

argues for a minor contribution fiom the strarosphere in this 
region during spring 2001 as well (Figwe 6). A small 
number of samples with very high values result in relatively 
high comelation coefficients (N.78) in the top two near- 
Asia bins and above 9 km over the remote Pacific, but the 
bulk of the data in these bins show esseatiaUy no relation- 
ship. At lower altitudes in both regions the relationships are 
weak, with 0, tending to be anticorrelated with 7Be below 
6 km far &om Asia. There was also little correlation 
between 21% and 0, in the near-Asia region (Figure 7). 
Above 9 km there is a reasonably strong relationship 
(0, = 28.0 + 5.2 ("%), R = 0.58) ifthe four stratospheric 
samples (0, > 200 ppb) are omitted. Over the remote 
Pacific the relationship between 21% and 0 3  was strongest 
in the two bins above 6 lan, though the slopes were just 
over half as large as in the highest near Asia altitude bin 
(Figure 7). We have previously argued that strong cor- 
relations between these species reflect advection (vertical 

the regions sampled by the Dc-8. 

and horizontal) of '%I and 0, precursors from the 
polluted continental boundary layer, with 21% and 0, 
building up over time during subsequent transpofi [Dibb et 
a1 , 19%, 1997, 1999bl. 

4.2. Comparison With PEM West B 
ti31 As noted earlier, the TRACE-P m o t e  Pacific data 

set is based on three flights between Hawaii and the west 
coast of North America plus the westbod transiOi through 
Guam to Hong Kong and the eastbound flight Grom Japan to 
Hawaii (Figure 1). In contrast, the remote Pacific data set 
ffom PEM West B was based on fhghts out of Guam which 
targeted tropical and subtropical air masses near IS0 E. In 
both campaigns the remote regions provide a sharp contrast 
to near Asia air masses, but the TRACE-P data could be 
more influenced by aged Asian outflow hat  had transited the 
Pacific and recirculated in the "river of pollution'' [Renner, 
2000; Stoudt et nI., 2001; Martin et nl., 20031. This region 
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Figpre 6. Scatter plots of 0 3  against 7Be in the eight bins 
dehed in Table 2. Lines are least squares fits of the data. 
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Figure 7. Scatter plots of O3 against 210Pb in the four 
near-Asia altitude bins. Lines are least squares fits of the 
data. 

may also be influenced by North American outflow to some 
extent. The near-Asia region data sets would appear to be 
more directly comparable, since they are based on similar 
fights by the DC-8 from the same operational bases in Hong 
Kong and Yakota, Japan. However, we must point out that 
no sampling was conducted in the region bounded approxi- 
matelyby27-37N, 120-135 Eduring PEM WestB. Several 
TRACE-P flights specifically targeted this near China region 
(Figure 1) and encountered very strong outflow. 

[24] The aerosol-associated tracers of dust and pollution 
were all higher in TRACE-P than PEM West B (Figure 8). 
Calcium near Asia was more than 16 times higher in the 
boundary layer, nearly 6 times higher in the 1-6 km bin, 
and showed more than twofold enhancement at higher 
altitudes. At low altitudes over the remote Pacific, Ca2+ 

was likewise roughly twofold higher during TRACE-P. 
Nitrate showed the second largest enhancements in the near 
Asia low-altitude bins (factors of 3 and 7 in the lower 
troposphere and boundary layer) but only increased (a factor 
of 2) in the boundary layer over the remote Pacific. 
Enhancements of SOT and NH; (TRACE-P >2.5 and 
>1.7 times higher, respectively) were larger in the remote 
region and extended through the full DC-8 altitude range 
(Figure 8). Near Asia the average SO; mixing ratios were 
2.4-3.4 times higher during TRACE-P fiom 9 km to the 
surface, contrasting small (10-30 %) NH; enhancements in 
all bins except the boundary layer where TRACE-P was 2.5 
times higher than PEM West B. It is important to point out 
that ions with major contributions from sea salt, and the 

Fiure 8. Comparison of mean mixing ratios of SO;, 
NH;, NOT, and Ca2' in four altitude bins in regions near 
to, and far fiom, Asia between TRACE-P and PEM West B. 
Error bars as defined in Figure 2. 
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F i r e  9. As m Figure 8 but for 7Be, CI-, Na+. and Mf. 

cosmogenic radionuclide 'Be, were also higher during 
TRACE-P in aome of the bins (Figure 9). sodium. c1-, 
and Mgz+ were all enhanced by at least a mor of 2.8 in tfie 
boundary lay= m bo& regions. It is likely that the enhaace 
men6 of Mg2+ m both lower troposphere bins, which are 
not see0 in the other sea-salt species (Figure 9), reflect 
contributions h m  dust, as suggested by the Ca" dishiiu- 
tions (Figure 8). Beryllium-7 was higher during TRACE-P 
in aU bins except near Asia above 9 km (the high concen- 
trations in this bin during PEM West B reflect extended 
sampling in and near a tropopause fbld [Dibb et aL, 19973). 
Enhancements of 7Be were larger (3.1 to 6.4 times higher 
during TRACE-P) over the remote Pacific than near Asia 

[zs] Sharply higher concentrations of rnany aerosol-asso- 
ciated species over the Pacific are to some extent an 

the distriiutions of trace gases between TRACE-P and PEM 

(1.8-2.3 below 9 h). 

anomaly in tbe TRACE-P data s t .  Most ~0mparis01ls of 

West B found small differences oz changes thar appear 
to reflect seas~nal (e.g., 03) or global trends (e.g.. C&) 
[Bartlett et al., 2003; B l a k  et a l ,  2003; Russo et al., 2003; 
Talbot et 0 1 ,  2003; D. I). Davis et al., A comparison of 
photochemical environments in the NW Pacific as observed 
during NASA's PEM-West B [I9941 and TRACE-P [200l] 
airborne field studies. submitted to Journal of Geophysical 
Research, 20031. Several different scenarios may have 
contributed to the changes in distributions of aerosol- 
associated species depicted in Figures 8 and 9. Our com- 
parison may have generated large apparent differences that 
are not "real." The issue of whether an airborne campaign 
caphnes a regionally representative data set is always an 
important question. On the large scale, the meteorolgical 
conditions and sampling regions were very similar 
between PEM West B and TRACE-P [Fuelbmg et al., 
20031, though Liu el al. [2003) suggest that more fie- 
quent cold surges enhanced boundary layer outflow of 
Asian air to the Pacific during TRACE-P. We will exam- 
ine the impact of differences in sampling between the two 
missions shortly but iirst consider potential causes for 
much higher levels of dust and aerosol-associated pollu- 
tants in 2001 versus 1994. clearly, increased emissions in 
Asia are expected to impact much of the troposphere 
above the Pacifjc and finther downwind. However, greater 
export fiom Asia during TRACE-P than PEM West B 
should be apparent as increases in many gaseous pollu- 
tants as well. Assuming that emissions h m  Asia have not 
greatly increased, higher mixing ratios of aerosols 
exported fiom Asia could be explained by a weaker sink, 
i.e., less effiient removal of particles by precipitation 
scavenging. In the following, we present available evi- 
dence on differences in scavenging, Asian emissions, and 
possible transport/sampling bias between TRACE-P and 
PEM West B. 
4.2.1. Scavenging 

[26] Concentrations of 7Be above the norihern Pacific 
during both PEM West campaigns were very low compared 
with expectations and our observations over the south 
Pacific during PEM Tropics A [Dibb et al., 1996, 1997, 
1999al. We interpreted these low values as evidence of 
extensive removal by scavenging; hence the higher cancen- 
trations observed during TRACE-P (Figure 9) may reflect 
reduced removal of aerosols over the northem Pacific. We 
have also found that 21%b and its relationship to sparingly 
soluble gaseous pollutants (specifically precursors to PAN 
[Dibb etal., 19%, 1997 and NMHC emitted in wild fires 
[Dibb et aL, 1999bD can provide insight into scavenging 
during deep wet convection. Durmg the PEM West cam- 
paigns we found lhat **%b tended to be strongly correlated 
with PAN, but not aerosol NO:, HN03, or their sum 

in the wet convective pumping that lifted 2z2Rn and 
pollutants out of the Asian boundary layer. Interestingly, 
210Pb and PAN were correlated in the near Asia and remote 
regions during PEM West A, but only m the remote region 
during PEM West B. 

[27] Nitric acid and PAN were clearly enhanced in Asian 
outflow during TRACE-P (mean mixing ratios were 2.6- 
3.9 and 5.1-11.5 rimes higher, respectively, in our near 
Asia bins below 6 km) (see also Tolbof et al. [2003]). 
However. like 'I%, there were very small diffaences in 

(termed t-NOs), and argued tbat " 0 3  had been scavenged 
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Figure 10. Comparison of mean mixing ratios of '"Pb, 
HN03, and PAN in the four near-Asia altitude bins between 
TRACE-P and PEM West B. Error bars as defined in Figure 2. 

their distributions near Asia between PEM West B. and 
TRACE-P (Figure 10). We note that if export of HN03 did 
not change much between the two campaigns, the close 
similarity in HN03 distributions over the western Pacific 
would argue that precipitation scavenging was not signifi- 
cantly more efficient during PEM West B. TRACE-P also 
resembled PEM West B in the weak relationships between 
'loPb and PAN near Asia (Figure 11). More importantly, the 
relationships between "%b and t-NOy were also quite 
weak (Figure 12) (the same is true for HN03 and NO; 
considered separately (not shown)). If removal of HN03 in 
precipitation explains the poor correlations during PEM 
West B, similarly weak relationships during TRACE P 
argue against significantly reduced scavenging as an expla- 
nation for the higher concentrations of aerosol-associated 
species in the latter campaign. 

[2s] We also note that Fuelberg et al. [3003] found no 
differences in the large-scale precipitation fields between 
TRACE-P and PEM West B. Examination of SSMI 
rainfall products and GPCP precipitation anomaly fields 
likewise failed to reveal any persistent differences in 
precipitation anywhere in eastern Asia or over the westem 
Pacific that would indicate greater efficiency of scavenging 

during the PEM West study period. Liu et al. [3003] find 
that deep convective activity was enhanced over south east 
Asia during TRACE-P compared with PEM West B, but 
its impact was largely to lift biomass burning emissions 
into the upper troposphere. In summary, we do not think 
the higher conceneations of aerosol-associated ions during 
TRACE P can be attributed to a weaker sink. 
4.2.2. Emissions 
[B] Advection of Asian dust over the Pacific has long 

been recognized as an important feature of the northern 
hemisphere. A particularly large event just after the 
TRACE-P deployment ended attracted much public atten- 
tion when the plume was tracked all the way across North 
America [e.g., Thulasiruman et al., 30021. It also appears 
that the frequency and severity of Chinese dust storms 
extending to eastern China and the western Pacific is 
increasing [Menon et al., 30021. Unpublished Chinese data 
indicates that Beijing experienced more dusty days in 2001 
than in any year since 1966, with more than twice as many 
reports in 2001 than in 1994 (R. Arimoto, personal com- 
munication, June 2002). As noted above, no striking differ- 
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Figure 11. Scatter plots of PAN against *'%b in the four 
near-Asia altitude bins. Lines are least squares fits to the 
data. 
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ences in synoptic scale meteomlogy or precipitation that 
would be likely to cause more dust outbreaks have been 
found between the PEM West B and TRACE-P study 
periods. We also examined the satellite jmcipitation prod- 
ucts for several months before the DC-8 deployments in 
1994 and 2001 and found 110 regions that were unusually 
arid which could have provided unusually strong dust 
emissions. Thus it appears that m d  dust emissions 
from China reflect, in put, changing land use and a n h -  
pogenic activities [Menon et nl., 20021. Regardless of the 
detailed source(s) of the dust, evidence suggests that the 
increase in Ca2+ observed in TRACE-P could reflect greater 
dust export from Asia. 

[30] On the other hand, Sbe& et al. [2003] estimate that 
Asian emissions of SO2 decreased by 17"/0, while NO, and 
NH3 emissions increased by 12 and 16%. respectively, 
between PEM West B and TRACE-P. The increased emis- 
sions of NO, and NH3 are about an order of magnitude 
lower than the changes we observed in NOT and NH; 
(Figure 8), while decreasing SO2 emissions oppose signif- 
icantly higher SOT. Having largely ruled out changes in the 
strength of both sources and sinks of pollutionderived 

aerosols requires that we reexamine the validity of the 
comparisons we have presented. 
4.23. Are the TRACEP rod PEM West B Data Sea 
Truly Comparable? 

[31] We readily grant that the remote Pacific bins defined 
in this paper are far eom those defined in our earlier work 
on the PEM West data sets and in different flow regimes. 
However, the near Asian regions overlap considerably. The 
most obvious difference between near-Asia sampling in 
PEM West B and TRACE-P are the approximately 100 
filters collected near the Yellow Sea and Chinese COBsf m a 
region we noted was not sampled at all in PEM West B. 
This region includes all of the boundary layer heavily dust- 
impacted samples that originated in the Channel region 
idmtificd by .,'e-dan et al. [2%3a3. These authors point 
out that many Channel samples also had elevated levels of 
aerosol-associated and gas phase pollutants. The Shanghai 
plume discussed m many of the companion papas in this 
issue (with mission maximum values of many species) was 
also encountextzd in this area, as were all of the CO, phnnes 
identified by Vay et al. [2003]. One might expect that 
adding a very polluted region to the TRACE P neaT-Asia 
bins could elevate mean mixing ratios and create artifact 
enhancements when compared to the PEM West B near 
Asia data set. 

1321 Excluding all samples collected in the region 
bounded by 27-37 N, 120-135 E (see Figure 1) causes 
the mean Ca" mixing ratio in the boundary layer to 
decrease nearly 70%, with a duction just less t?un SO% 
m the lower troposphere bin (Figure 13). Howevec three- 
%ld enhancements over PEM West B avexages are still 
apparent in the lowaltitude TRACE-P bins. Cansideaing 
the association of NO7 and dust near Asia, it is not 
surprising that average NOT mixing ratios also deaease 
significantly (48 and 43% in the boundary layer and 1-6 km 
bins, respectively) when samples h m  the dustiest part of 
the TRACE P study area are excluded. Here too, we note 
that the filtered TRACE-P low-altitude bins still exceed 
those m PEM West B by at least a factor of two. In contrast 
to the marked decreases in Ca2' and NaF, average mixing 
ratios of NH; are reduced by no more than 28% and those 
of SOT by no more than 20% in all modified TRACE-P 
bins below 9 k m  As a result, TRACE-P still shows greatex 
than twofold enhancements of SO,' through much of the 
troposphere, with boundary layer NH: similarty enhanoed 
(Figure 13). 

[33] Even aftea removing au obvious sampling bias, we 
find that aerosol-associated tracers of pollution show large 
enhanments near Asia during TRACE-P that can not 
readily be attributed to increased source strength, or 
decreased sinks, when compared with PEM West B. Dust 
also increased between the two missions, though this may 
reflect previously documented increases in emissions fium 
china. It seems that the enhancements of Nol: and pBmcu- 
M y  SO; and NH; can only be explained as a consequence 
of sampling just a tiny eaction of a huge volume of 
atmosphere, when making in situ measumnents from an 
airborne platform TRACE-P demonstmted that the tropo- 
sphere over the western Pacific is highly structured, such that 
very small changes in flight tracks could yield significantly 
different impressions of the composition of the region. A 

oontinental major focus of TRACE-P was to charaaenze . 
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Figure 13. Comparison of the mean mixing ratios of SO;, 
NH;, NOT, and Ca" in four near-Asia altitude bins. A 
modified TRACE-P data set, excluding about 100 samples 
collected over the Yellow Sea, is compared to the full 
TRACE-P data set and PEM West B data shown in Figure 8. 

outflow, while PEM West B was an exploratory mission with 
multiple objectives. Our otherwise unexplained enhance- 
ments in aerosol-associated species suggest that TRACE-P 
fight paths succeeded in sampling continental outflow more 
extensively than was the case in PEM West B. 

[34] We also find that different binning of the same data 
set can impact the impression one is left with. A perfect 
example is seen in "0,; in this paper we find very small 
increases near Asia between PEM West B and TRACE-P, 
yet Talbot et al. [2003] compare the heavily impacted 
Channel and Coastal air mass classes to fresh continental 
North air masses sampled in PEM West B and find 
TRACE-P to be fivefold higher. Similarly, BZake et al. 
[2003] find no systematic differences in a suite of NMHC 
binned to 2.5 degree patches, while Bartlett et al. [2003] 
find significant decreases in several of the same species 
when binned into different geographic regions. It may be 
that artifacts created by binning contribute to the contrast 
between the aerosol-associated pollutants (which are sig- 
nificantly higher in the TRACE-P data set) and the range 

of gaseous pollutants (which tend to show small differ- 
ences compared to PEM West B). Perhaps the extreme 
heterogeneity of particle distributions in the atmosphere 
helps to make the observed distribution of aerosol-associ- 
ated species more sensitive to small differences in sam- 
pling and data binning than is the case for trace gases. 

5. Conclusions 
[35] We have shown that the mixing ratios of soluble ions 

derived from soil dust and anthropogenic emissions were 
substantially higher in the near-Asia regions sampled by the 
DC-8 during TRACE-P compared with PEM West B. The 
enhancements in Ca2', NO;, SO;, and NH; sharply 
contrast the distributions of many trace gases that are also 
derived from anthropogenic activities, yet were quite similar 
between the two missions. Asian emissions of the precursor 
gases that yield the aerosol-associated pollution tracers were 
estimated to have changed by less than 17% between 1994 
and 200 1. Likewise, we could find no evidence to support a 
hypothesis that aerosols were higher in 2001 due to less 
efficient scavenging by precipitation. 

[36] It must be stressed that the enhancements we found 
were strongly dependent on the exact locations that were 
probed by the DC-8 on each flight. TRACE-P objectives 
lead to many more flights specifically targeting continental 
outflow than was the case in PEM West B. Thus while the 
sampling regions overlapped a broad geographic area, 
TRACE-P flights often included repeated transects through 
small areas that were predicted to have strong continental 
outflow. On the larger scale, nearly 1/3 of the filter samples 
we collected near Asia during TRACE-P were above h e  
Yellow Sea and other coastal Chinese waters and hence 
fkequently influenced by outflow events. No sampling was 
conducted in this region during PEM West B. When these 
near China samples are filtered out of the TRACE-P data set, 
enhancements of the ions associated with dust (Ca'+ and 
NOT) decrease, h m  factors as high as 16, to about 2-3 
times higher than PEM West B. Mean mixing ratios of NH; 
and SOT also decrease when the TRACE-P data set does not 
include sampling very near China but by less than 28%. 

[37] Our observations do not necessarily imply that the 
troposphere over the western Pacific was more influenced 
by Asian emissions in 2001 than 1994. Rather, we feel that 
the enhancements we found largely confirm that TRACE-P 
DC-8 flights succeeded in sampling continental outflow 
more often than did those in PEM West B. However, it is 
not clear why more focused sampling in the regions of strong 
outflow did not also result in enhancements of trace gases 
emitted in Asia. We speculate that this may be further 
evidence of the extreme heterogeneity in the distribution of 
aerosols in the troposphere, especially close to major sources. 
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Chemical and physical properties of bulk aerosols within four sectors 
observed during TRACE-P 
C. E. Jordan,' B. E. Anderson? R. W. Talbof3 J. E. Dibbp H. E. Fuelberg: 
C. H. HudgiW2 C. M. Gley: R. Russop E. Scheuer: G. Seid,3 
K. L. Th~rnhill,~ and E. Winstead' 

[1] Chemical and physical aerosol data collected on the DC-8 during TRACE-P were 
grouped mto four sectors based on back bajectories. The four sectors represent long-range 
transport from the west (WSW), regional circulation over the western Pacific and 
Southeast Asia (SE Asia), polluted transport fiom Ilorthem Asia with substantial sea salt at 
low altitudes (NNW) and a substantial amount of dust (Channel). WSW has generally low 
mixing ratios at both middle and high altitudes, with the bulk of the aerosol mass due to 
non-sea-salt water-soluble inorganic species. Low altitude SE Asia also has low mean 
mixing ratios in general, with the majority of the aerosol mass comprised of non-sea-salts, 
however, soot is also relatively important m this region. "w had the highest mean sea 
salt mixing ratios, with the aerosol mass at low altitudes (a km) evenly divided 
between sea salts, mm-sea-salts, and dust. The highest mean mixing ratios of water-soluble 
ions and soot were observed at the lowest altitudes (a km) in the Channel sector. The 
bulk of the aerosol mass exported from Asia exnanates h m  Channel at both low and 
midaltitudes, due to the prevalence of dust compared to other sectors. Number densities 
show enhanced fine particles for Channel and NNW, while their volume distributions are 
enhanced due to sea salt and dust Low-altitude Channel exhibits the highest 
condensation nuclei ((34) number densities along with enhanced scattering coefficients, 
compared to the other sectols. At midaltitudes (2-7 km), low mean CN number densities 
coupled with a high proportion of nonvolatile particles (265%) observed in polluted 
sectors (Channel and NNW) are attributed to wet scavenging which removes hygroscopic 
CN particles. Low single scatter albedo m SE Asia reflects enhanced soot zimm m: 
0305 Atmospheric Composition and Stxucture: Aaosob and particles (0345,4801); 0345 Atmospheric 
Composition and Structure: Pollutim-urbm and regional (0305); 0365 Atmospheric Composition and 
Structure: Troposphere-compMition and chemisq. 0368 Atmospheric Composition and Slructure: 
Troposphere+onstituat tmmpoxl and chemistry: KEfW0RD.T: aemsok, TRACE-P, Asia 
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1. Introduction 

the Pacific was conducted over the westan Padic), just off 
the mast of Asia, f b n  February to April of 2001. Two 
aircraft were used to investigate the chemical composition 
of Asian outllow over the western Pacific and its chemical 
evolution [Jacob et ai., 20031. Aerosols are gn important 
mqonent of Asian continental outflow. Throughout this 
special section. aerosols are shown to be important not just 
in their own right, but also for the interactions which 
influence gas phase processes as well [Cragod et nl., 
2003; Jordan et ai.. 2003; Lefer et al., 2003; Price et al., 
2003; Tang et al., 2003a. 2003bI. 

[3] TRACE-P was conducted in spring for several rea- 
sons [Jacob et al., 20031. This is the season when Asian 
export to the Pacific is at its maximum, biomass burning 
peaks during this time in Southeast Asia, photochermay is 
already active, and stratospheric intrusions are also at their 
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maximum. Further, the cold konts which are responsible for 
the strong seasonal outflow to the Pacific also give rise to 
dust storms, inaking spring the season of maximum dust 
export as well [Sun et al., 2001; Jacob et al., 20031. Hence, 
natural and anthropogenic aerosol emissions, which include 
dust, biomass-burning particulates, and anthropogenic pol- 
lutant aerosols, are anticipated to be at a maximum at this 
time of year. 

[4] A better understanding of aerosols and the processes in 
which they are involved is needed for a variety of reasons. As 
discussed by Streets et al. [2003], black carbon and organic 
carbon emissions are the most poorly constrained species in 
their Asian emission inventories. Crawford et al. [2003] 
report statistically significant differences in trace gas con- 
centrations between clear-sky and cloudy conditions. This 
has implications for whether satellite retrievals adequately 
represent the export and evolution of various species in 
outflow associated with cloudy frontal regions. Lefer et al. 
[2003] and Tang et 01. [2003a, 2003bl both discuss the 
influence of clouds and aerosols on photolysis frequencies 
and hence photochemistry. Better knowledge of aerosol 
optical properties is needed (e.g., aerosol optical depth and 
single scatter albedo) to improve measurement/model 
agreement [Lefer et al., 20031. Meanwhile, Asian aerosols 
are found on average to have a greater photochemical 
influence than clouds during TRACE-P, reducing photol- 
ysis rates throughout the column [Tang et al., 2003al. 

[s] Price et al. [2003] report observations in North 
America of Asian dust, mixed with pollution, where 0; 
and aerosol scatter were anticorrelated. The authors suggest 
that this may be attributed to either reduced O3 formation on 
account of the large amount of dust reducing W reaching 
the surface, or the loss of O3 to the surface of the dust 
particles. Joi-dun et 01. [2003] report evidence of the uptake 
of NO, and SO; on dust particles, resulting in a change in 
the phase partitioning of these species with implications for 
both deposition to the western Pacific coastal waters and 
chemical evolution of the air mass downwind. 

[6] Companion papers in this special section each address 
specific questions pertaining to the role of aerosols in the 
chemical composition and evolution of Asian outflow. In 
this paper we present an overview of the aerosol physical 
and chemical properties as measured on the DC-8, flights 
8-18 (19'-45%, 115"-198"E). Back trajectories are used 
to divide the aerosol data into four sectors reflecting the 
general geographic origins of the particles. The chemical 
and physical properties of these bulk aerosols are evaluated 
together to yield a comprehensive picture of the particulates 
in this region. As is discussed elsewhere, aerosols in this 
area are highly heterogeneous in their distribution [Dibb et 
al., 2003; Ma et al., 20031. However, given the incomplete 
descriptions of particles presently incorporated into regional 
and global atmospheric models, and the need for validation 
of satellite aerosol observations on fairly large geographic 
scales, we believe this broad description may be useful. 

2. Methods 
2.1. Aerosol Physical Properties 

[7] The suite of instruments flown aboard the DC-8 
included: three condensation nuclei counters (CNC) to 
obtain the number densities and volatility of submicron 

aerosols; a Passive Cavity Aerosol Spectrometer Probe 
(PCASP) to measure the dry size of 0.1 -3.0 pm diameter 
particles, a Forward Scattering Spectrometer Probe (FSSP- 
300) to obtain size spectra of 0.3-20 pm particles under 
ambient conditions; a 3-wavelength nephelometer (TSI 
3560) to measure aerosol scattering coefficients at wave- 
lengths of 450, 550, and 700 nm; and a Particle Soot 
Absorption Photometer (PSAP) to measure total aerosol 
absorption, from which the mass of soot particles was 
determined. 

[8] The CNCs drew samples fiom a common manifold 
maintained at a constant pressure of either 21 3 or 267 hPa, 
depending on flight level, to eliminate altitude-related 
fluctuations in sensitivity and performance. The CN data 
have been corrected for the pressure dependent sensitivities 
of the counters (typically 30 to 40%) and are presented in 
units of number per cubic centimeter at sea level conditions 
(20°C and 1013 hPa, STP). These number densities are 
estimated to have *20% precision, due primarily to uncer- 
tainies in particle loss through the sample inlet and impre- 
cision in the instrument flow rate measurements. 
[9] The PCASP and FSSP-300 probes were mounted on a 

pylon extending 0.5 m below the aircraft's left wing-tip, a 
location calculated to be minimally affected by aircraft- 
induced flow distortion. The FSSP-300 has an open sample 
cavity that provides size distribution measurements at 
ambient temperature and humidity conditions. PCASP 
dehydrates aerosols to <30% RH prior to measurement 
due to sample air being drawn through a heated capillary 
tube to the resonance cavity, combined with the sample air 
being surrounded by a concentric flow of dry filtered air to 
maintain laminar flow through the cavity. The probes' size 
sensitivities were determined using non-absorbing latex 
spheres with real and imaginary refractive indices, nr and 
ni, of 1.59 and 0.0, respectively. These data were then used 
in conjunction with output &om a Mie scattering model to 
set the PCASP and FSSP size-channel thresholds for 
aerosols with real refractive indices of 1.55 (sulfite) and 
1.44 (hydrated sea salt), respectively. Number densities 
provided by the two instruments are estimated to have a 
*25% precision due largely to the difficulty in defining the 
instruments' effective sample volumes. 

[IO] Aerosol scattering coefficients (a,) were measured 
at 450, 550, and 700 nm using a TSI model 3563 Integrating 
Nephelometer [i.e., Bodhaine et al., 1991; Anderson et al., 
19961. This instrument would ideally collect light scattered 
&om its sample volume over a 180" viewing angle, but 
practical considerations limit its integrating volume to 
between 7" and 170". Anderson et al. [ 19961 discuss this 
truncation problem and calculate that it may cause the 
instrument to significantly underestimate usp for aerosol 
populations dominated by supermicron sized particles. 
Because, as discussed below, our sample inlet did not 
efficiently transmit particles >1 pm in diameter, we have 
simply applied a truncation error correction factor of 1.07 to 
the entire scattering coefficient data set .  

[II] Aerosol absorption coefficients (uaP) at 565 nm were 
measured with a Radiance Research Partlcle Soot Absorp- 
tion Photometer (PSAP). These data were corrected for 
aerosol scattering using the technique proposed by Bond 
et al. [ 19991 and were filtered to remove time periods when 
the instrument performed poorly due to rapid changes in 
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sample pressure and humidity. Even so, this particular 
instnrment was exceptionally noisy when operated at re- 
duced pressures. Thus its data use is limited to establishing 
a mean single scattering albedo value (w") and inferring soot 
mass (assuming an absorption efficiency of 10 m'g-') in 
polluted air masses where utp exceeded 1 Mm-I. 

E121 Sample air fbr the nephelometer and PSAP were 
drawn in through a forward hcing, knife-edge type inlet 
probe mounted on a window plate adjacent to the aer.0~01 
instrument rack This probe extended -30 cm out h m  the 
aircraft skin, had a tip diameter of 0.3 cm and a 7" conical 
expansion region downstream of the tip which gradually 
expanded the flow out into a 2 .5an  i.d. stainless steel pipe. 
The pipe was bent at a 60" angle and brought through the 
window plate where it was connected to the nephelometer 
using a short length (-0.5 m) of conductive tubing of 
approximately the Same inside diameter. A "tee" was 
placed in this tubing and used to supply -2 LPM of flow 
to the PSAP. The exhaust of the nephelometer was 
connected to a window-mounted venturi pump across a 
large diameter ball valve h t  was adjusted to maintain 
isokinetic flow at the probe tip. This typically resulted in 
a volumeaic flow of -100 LPM through the nephelometer. 
In order to evaluate inlet losses for this probe, we compared 
uv measured by the nephelometex with values calculated 
h m  PCASP size distributions truncated at various upper 
size-diameters. Data collected in the marine boundary layer 
(MBL), where 50-75% of the overall scattering was due to 
coarse particles, showed the nephelometex data bad the best 
overall fit with scattering parameters calculated fiom 
PCASP size distributions cut off at 1 pan diameter, 

[n] To relate ''W aerosol optical parameters back to 
ambient conditions we applied humidity corrections using 
the formula a.@H) = u,(Qy) (1  - RH/100)-6 [Kristen, 
19691 We selected a value of 0.43 for g to yield a ~ ~ ( 8 0 % ~  
~ ~ ( 3 0 % )  ratio of - 1.7, the value recommended by Churlson 
et al. [ 19921 for polluted air masses. This approach prodmxs 
infinitely large values of uV(RH) as R H  approaches 100%. 
which fieqmtly occurs in the vicinity of clouds. We thus 
restricted our data set to points with corresponding RH 
values of 195%, which corresponds to a maximum 
uT(RH)/uq(30%) ratio of -3.6. 

2.2. Aerosol Chemical Properties 
[MI The aerosol water-soluble inorganic chemical mea- 

surements are described in greater detail eisewbere [ m b  et 
aL, 1999, 2O00, 2002, 20031, so only a brief synopsis 
appears here. Air enters an anodized aluminum curved 
leading edge nozzle centered in a shroud that extends 
20 cm forward of the nozzle. This allows for nearly i d  
sampling throughout the flight [Dibb et al., 2002, ref;erences 
therein]. Once inside the aircraft air then flows though a 
Delrin ball valve, followed by a Delrin d i k ,  to a 9 cm, 
2 micron Millipore Fluoropore Teflon filter in a Delrin 
holder [Dibb et aL ,20021. Behind the filter is another valve, 
a mass flowmeter, and a venturi pump. Sampling flow rates 
were manually adjusted to be isokinetic within 10% along 
each flight leg [Dibb et 01.. 20021. Filters were processed 
according to p r d u r e s  d e s c r i i  by Dibb et aL [1999, 
20001. Inorganic anion and cation mixing ratios were 
obtained from ion chromatography. Samples were collected 
only during level flight legs with sampling times ranging 

&om 3 -36 minutes with mean and median times of 10 and 
8 minutes, respectively. For a complete discussion of the 
chemical measurements and error analysis, see Dibb el 01. 
[2003]. Note that mixmg ratios (pptv) were converted to 
moles or mass per unit volume using standard cubic metas 
rather than volumetric cubic meters (e.g., c ~ g  m-' STP or 
pmol SCM-I). 

23. Back Trajectories 
[IS] The back trajectories are also discussed in greater 

detail elsewhere [Fuelberg et al., 19%, 1999, 2000,2003], 
so again only an overview is given here. Five day back 
trajectories were calculated using a kinematic model based 
on global meteorological analyses from the European 
Cm%e for Medkm-fZacge Wezthez Forecatt (ECMWF) 
[Fuelberg et al., 20031. ECMWF data were available for 
oo00, 0600, 1200, and 1800 UTC, at 60 vertical levels 
with a T3 19 spherical harmonic triangular tnmcation, mter- 
polated to a 1" x 1" latitude-longitude horizontal grid 
[Fuelberg et al., 20031. For a thorough description of the 
trajectory model, see Fuelberg et al. [1996, 1999, 20001. 

24. Group Deterrmnr * tions 
[ i 61 Of the three data sets used here, the aerosol chemical 

data had the coarsest resolution, with sample times ranging 
fiom 3-36 minutes. Five day back trajectories were cakw 
lated every5 minutesalonglevelflightlegsduring'IRACE-P. 
Aerosol physical pmperties had the lughest resolution, With 
1 minute averages available for most parameters. We 
wanmi to determine whether aerosols h various soullx 
regions had characteristic bulk properties, e.g., a strong 
biomass-burning signal h r n  Southeast Asia with enhanced 
absorption, or enhanced pollution h m  northem Asia Wilb 

&om these dispar;tte sowes. all physical data were aver- 
aged to the time intervals of the chemical data. The first step 
was to assess the back tram information to sort the 
chemical data into groups. While thm are limitations to the 
usefulness of back trajectories [kizhl, 1993; Fuelberg et al-, 
2000; Malonqv et al.. 2001; Stoh1 et al., 1995; Srohl, 19981, 
they are suitable for classifying this relatively hlgh-resolu- 
tion data set into broad categories. 

[IT] Given the length of chemical sample times, tfiere 
were potentially 1-7 back trajectories available per sample 
(typically, 2-3 for most samples). Looking at the tram 
ries, four distinct groups merged (Figure 1). Trajectories 
fbr samples collected above 7 km altitude are &own m the 
top left panel of Figure 1. Trajectories are shown fhm 
northem Asia 0 m red, h r n  the west (WSW) in gold 
and !?om Southeast Asia (SE Asia) in blue. In genewl, these 
trajectories for samples collected at high altitudes show 
relatively long range transporf with altitudes generally well 
above the height of the Tibetrm Plateau (Figure 1. bottom 
left panel). However, the altitude bins are determined by 
where the sample was collected, not the altitude of the 
trajectories themselves during their 5 day histories, so some 
of these trajectories suggest transport fiom lower altitudes to 
the measurement height on the aircrak In contrast to the 
high altitude trajectories, low altitude trajectories (those for 
samples collected below 2 km altitude) are shown in the 
right panels of Figure 1. The top right panel shows the 
trajectories h m  above, while the bottom right panel shows 

enhand Scattaing, etc. In order to properly oompare data 
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Figure 1. Back trajectories for the aerosol samples divided into four sectors. The top left panel shows 
trajectories for samples collected at altitudes >7 hn.  Only three sectors are represented at those altitudes, 
NNW (red), WSW (gold), and SE Asia (blue). The bottom left panel is a side view fiom the Pacific 
Ocean looking toward the Tibetan Plateau. This view shows these trajectories typically represent high 
altitude long distance transport. The top right panel shows trajectories for samples collected at altitudes 
( 2  km. Only three sectors are represented at these altitudes, NNW (red), Channel (green), and SE Asia 
(blue). The bottom right panel shows only the low altitude Channel trajectories. angled to show that these 
trajectories flow along the surface and are confined by the surface topography. See color version of this 
figure at back of this issue. 

an angled view to better show that these low altitude 
trajectories flow close to the surface and are constrained 
by its topography. For the low altitude trajectories, red again 
represents the northern Asia group NNW and blue again 
represents SE Asia, however, there is an additional group in 
green called Channel. This can almost be thought of as a 
subset of the NNW group. However, the chemical data 
showed greatly enhanced Caz' in this region, which is what 
set it apart in this analysis. Midaltitude trajectories (2-7 km, 
not shown in Figure 1) include all 4 groups, NNW, Channel, 
WSW, and SE Asia. 

[is] Samples with multiple back trajectories were consid- 
ered "mixed" if the trajectories came flom different groups 
(e.g., a trajectory fkom SE Asia and another from NNW). 
Mixed trajectories are due to horizontal and vertical wind 
shear across the sampling period (distance). Samples were 
classified as belonging to a particular group only if all 
trajectories for that sample emanated from the same group. 
In this way, we evaluated the bulk aerosol properties for 
each of these four regions with minimal influence froin 
mixed samples. Our deletion of mixed samples insures that 
geographical partitioning is based only on those trajectory 
groups with the greatest reliability. Initially, there were 415 
chemical samples fkom 17 flights. Since we are interested in 
Asian outflow, only samples collected near Asia were 
included in this analysis (flights 8-18, 19"-45%, 115"- 
198"E). Note that only 8 samples (from flight 18) were east 
of 163"E; the rest were west of 150"E. This left 282 
samples. Of these, 70 were mixed, and 19 could not be 

classified due to missing trajectory data. Mixed trajectories 
were common during TRACE-P due to numerous middle 
latitude circulation features that produced shear in the 
TRACE-P area [Fuelberg e? al., 20031. The remaining 
samples could be classified into the four groups as follows, 
77 NNW, 38 Channel, 47 WSW, and 31 SE Asia. 

3. Discussion 
3.1. Water-Soluble Ions and Dust 

[i9] The highest mean water-soluble ion mixing ratios are 
seen at the lowest altitudes. below 2 kin (Figure 2, top 
panel; Table 1). Jacob el al. [2003] attribute this to capping 
by subsidence inversions at 1-2 km altitude. Channel has 
the highest concentrations of N H f ,  SO;, and NOT observed 
(mean mixing ratios of 148, 129, and 108 nmoUm3, respec- 
tively), indicating the highest pollution emanates fiom this 
sector. This is not surprising, as the trajectories for this 
sector pass over many Chinese cities, including Shanghai 
(Figure 1, top right panel). These elevated aerosol mixing 
ratios are also consistent with expectations given that 
Chinese emissions of anthropogenic species dominate those 
of other Asian regions, contributing 59% of SOz, 42% of 
NO,, 49% of NH3, 42% of CO, and 41% of black carbon to 
the total [Streets et al., 20031. Further, some gas phase 
species also show enhancements in the Channel sector 
(Table 2 ) .  The highest mean mixing ratios of "0; 
(1406 pptv), SO2 (4302 pptv), CO (321 ppbv), and CZCl4 
(16 pptv) are found in the low altitude Channel sector 
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Figare 2. Aerosol mean chemical signatures for each 
group, split by altitude. See color version of this figure at 
back of this issue. 

(Table 2). This is consistent with the results of Ruso et al. 
[2003] and filbot et af. [2003]. both of whom used the 
same sector classification scheme employed here to evaluate 
trace gas measurements. However, the distinctions observed 
between aerosols from these sectors are more pronounced 
than those of the gas phase species [Russo et ab, 2003; 
Talbot et al., 30031. Note that these enhanced mixing ratios 
may be compared to background values of 15 pptv (SO?). 
70 ppbv (COX and 2 pptv (C2C14) reported by Russo et al. 
120031. At midaltitudes. Channel's dominance of miXing 
ratios does not hold for these gases. This is due to factors 
other than proximity to sources which control their mixing 
ratios in the atmosphere, e-g., transport and mixing, photo- 
chemical processing, scavenging in clouds, etc. 

1x1 The str!!&g fsttze efthe Ckmx! p u p .  however, 
is the dominance of Ca2+, a tracer of dust The Ca" mixing 
ratio is an order of magnitude hi er in this group than any 
other group (e.g.. 217 nmoUm versus 14 nmoUm3 for 
NNW), which is the case both at low and midaltitudes 
(Table 1). The Channel trajectories are typical of the 
transport pathways which cany dust out of the major Asian 
deserts over the western Pacific [Sun et al., 2001. J o h n  el 
al., 30033. It is because of the presence of Cad+ in these 
samples that the Channel p u p  was treated separately h m  
the NNW p u p .  Both NNW and Channel show large 
amounts of sea salts at low altitudes (Na' = 105 and 
85 nmoUm'; C1- = 104 and 32 nmoUm3, respectively). 
The Cl- deficit (relative to the sea salt ratio) in low altitude 
Channel samples probably reflects some loss of Cl- fiom 
sea salt due to reaction with acidic gases. but may also be 
partly an artifact to the extent that some of the measured 
Na' is associated with abundant dust. At these altitudes 
(<2 km), only two samples had back trajectories classified 
as SE Asia, and none kom WSW. The SE Asia group is 
much cleaner than the other two pups. none&eless W+ 
and SO: are the dominant water-soluble ions here (3 1 and 
30 nmoVm', respectively). 

[21] At midaltihtdes, "; and SO; are the dominant 
water-soluble ions in aerosols in all pups, except Channel, 
where dust is still the dominant componeot as indicated by 
the dominant Ca2' (77 nmoVm'), and enhanced Na' 
(24 nmoUm') and Mg2+ (17 nmoUm'; Table 1, Figure 3, 
middle panel). As was the case at low altitude, the highest 
mixing ratios ofthe pollution species, N&+ (21 nmoum? 
and SO,' (29 nmoUm'). are found in the Channel group, 
followed b NNW (19 and 18 nm0Vm3), SE Asia (14 and 
12 nmoVm ), and WSW (8 and 7 nm0Vm3). High altitude 
samples (>7 Inn) have the lowest mixing ratios observed 
(Figum 2, bottom panel), as expected. NNW shows highy 
mixing ratios of "4' (7 nmoUrn3) and SOT (8 m o h  ) 
than the other two groups. Sea salts, N8 (a9 nmoUm') and 
C1- ( a 2  nmol/m') are corngarable €yweffl the three groups 
(Table I). ca2+ (4 n m o h  IS an Important component in 
the NNW p u p ,  but not so much in WSW and SE Asia. 
Channel is not classified at the highest altitudes, because the 
high altitude trajectories are sufficiently hgh as to not be 
greatty mfluenced by the defining topography of the Chan- 
nel group (bounded by the Tibetan Plateau to the south and 
west, and by mountains to the north). At high altitudes, the 
Channel and NNW trajectories are combined into the NNW 
group. While there is dust present in these high altitude 
samples, it is not dominant, as it is in low and midaltitude 
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Tabk 2. Mixing Ratios of Various Gases, Means, Standard Deviations, Medians, Minima. Maxima. and Number of Sampks' 
~ ~~~~~ 

433. co, "03, so,, CK4, HCN, CH3CI. C H D J ,  
PPbv Ppbv * FPtV P W  pptv pptv 

"w Sector ai <2 h dititu& 
Mean f SD 56i 7 204523 481 i213  568f575 12 f 3  2 1 O i 4 0  5-%* I7 99 f 47 
Median (min-max.) 51 (36-67) 209 (139-249) 4-34 (78- 1010) 321 (38-2300) 11 (6-22) 205 (107-294) 554 (524-589) 84 (69-317) 
No. of samples 11 41 11 35 39 27 39 27 

.Vh" Sector of  3- 7 km Alritude 

Median (mm.-max.) 58 (52-66) 126 (109-266) 121 (80-1184) 47 (18-3890) 6 (4-15) 215 (124-354) 548 (528-598) 107 (69-149) 
Mean f SD 5 8 i 9  149i50 1841218 6OOill58 8 * 3  229i70 554i 19 108 f 24 

77 No. of samples 26 26 ?5 21 26 22 26 - 
IW &tor af > 7 bn A&itu& 

Mean f SD 131i  107 128f49 4072446 103 f % 6 f 4  229f37 542 f 26 143 f 43 
Median (min.--) 75 (-54-377) 133 (43-199) 141 (64-1376) 65 (19-257) 6 (1-10) 236 (lI10-264) 545 (489-578) 126 (95-209) 
No. of samples 10 10 10 6 10 4 10 10 

Channel Secw a <  2 kn dlririuie 
Mean f SD 67 f 10 321 i 129 1406 f 1155 1302 f 3950 16 f 14 517 f 340 637 i 188 144 f 70 
Mcdian (mm.-max.) 64 (55-108) 267 (177-830) 910 (597-5914) 2649 (876-20861) 12 (9-79) 319 (259-1612) 559 (4u)- 1458) 106 (80-317) 
No. of samples 25 25 25 25 25 21 25 17 

Channel Sector at 2- 7 kn dlrim& 
Mean * SD 5 9 + 6  136f25 206f68 137 f 172 6 i 2  177 f 7 562 i 17 141 f 4 5  
Median (mh-max.) 57 (48-71) 130 (109-178) 180 (140-346) 94 (19-541) 6 (5-11) 177 (173-188) 555 (-543-599 144 (84-23) 
No. of samples 13 13 13 8 13 5 13 11 

Mum f SD 6 2 f 4  118523 175 f 47 4 * 2  271 i 18 574 f 26 169 21 
Median (@h.-=.) 63 (54-66) 112 (95-158) 159 (128-254) 4 (2-8) 270 (2441 -301) 570 (550-623) 172 (134-199) 
Na of samples 7 7 6 0 7 7 7 7 

WSW SBCtor at 3- 7 bn dltitude 

KW M o r  at > 7 h dlti& 
Mean f SD 88i63 134*54 137f114 59 3 f 2  22Of18 589 * 39 208 +57 
MediPn(mia--) 76 (35-359) 121 (41-239) 111 (47-670) 59 3 (03-7) 213 (205-258) 588 (486-6s) 207 (115-309 
No. of samples 40 40 37 I 40 11 40 35 

SE Asia Sector at <t h Altizude 
Mean f SD 40f 1 112f10 793 i 3 5 f 0.03 358 634f 15 25 1 
Median ( e - m a . )  40 (40-41) 212 (205-219) 793 (776-811) 5 (5-5) 358 634 (624-645) 251 

7 No. of samples 2 - 2 0 2 1 2 1 

SE Asia Serror at 2 - 7 kn Al t i fde  
Mean f SD 51 i 13 156f81 397f390 1-54 f 226 5 f4 235f67 591 f 4 5  148 f 35 
Mcdian (min-max) 54 (29-67) 129 (75-302) 250 (191-1352) 24 (22-415) 4 (2-13) 237 (141-312) 574 (538-674) 135 (126-227) 
No. of samples 10 10 8 3 10 6 10 7 

SE Asia &lor at > 7 h Altitude 
Mean f SD -34i 12 103 i t 2  6of34 3 i 1  rn7i76  571 * 37 152 i 37 

No. of sam&s 19 19 16 0 19 6 19 16 
M& ( m h r - m )  32 (21 -62) 97 (71-191) 50 (26-153) 2 (2-5) 187 (131-344) 5-% (531-636) 158 (106-214) 

.No samples drom the Channel sectmat >7 Lmahiudr orthe W W ~ e a o r  at <2 h altitude. 

Channel. SE Asia shows the lowest mixing ratios among the 
high altitude groups (Figure 2, bottom panel). %s is not 
surprising, since these trajectories generally start (5 days 
d e r )  o v a  the Pacific, then carry air ova Soufheast Asia 
(Figure 1, top panels). 

3.2. Soot 
[22] The highest atean soot mass is found in the Charmel 

sector at both low and midaltitudes (2201 and 354 ng/m3, 
respectively), followed by SE Asia (638 and 219 ng/m3, 
respectively; Figure 3, Table 1). Given the water-soluble 
chemical data, where m' and SO,' were much lower in SE 
Asia than in both channel and NNW, these soot averages 
suggest the source of the soot in SE Asia is biomass 
burning, whereas that in Channel is likely related to 
residential (biofuel) and indusbial SOUTC~S. HCN, CH3CN, 

and CH3Cl have all been discussed as tracers for biomass 
burning m other papers in this special Section [BIpke et d., 
2003; Cranfooni et al., 2003; Heald ef al-, 2003; Li ef aL, 
2003; Sin& et nZ., 20031. Here we see that all three of these 
tracers are elevated m &e low altitude Channel samples 
compared to those h m  NNW (Table 2). They are also 
elevated in SE Asia compared to NNW (Table 2). This is 
consistent with the elevated soot observed here. It seems 
reasonable to expect that tfie soot in Channel is due to 
industrial and residential (biokls) combustion, while that 
kom SE Asia is due to open biomass burning. However, 
there does not appear to be a tracer which clearly distin- 
guishes between biofuel and biomass combustion &om this 
analysis. 

[23] The high soot observed in Channel and SE Asia is 
consistent with expected emissions. Streefs et nZ. [2003] 
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Figure 3. Mean soot mass (ng/m3) for each group, split by 
altitude. 

estimate that 64% of black carbon emissions are residential 
and related to the combustion of coal, kerosene, and 
biofuels in stoves, cookers, and heaters. Most of the rest 
(18%) is expected to be from biomass burning (which they 
distinguish &om biofuel combustion as open biomass burn- 
ing, Le., forest burning, savanndgrassland burning, and 
crop residues burned in field after harvest). They note that 
the 18% contribution fiom biomass burning is primarily due 
to contributions from Southeast Asia. Further, other studies 
in this special section also report significant biomass burn- 
ing from this region [Heald et al., 2003; Ma et a]., 2003; 
Russo et a1 , 2003: Tang et al., 2003bl. Liu et al. [2003] note 
that deep convection is the most important transport mech- 
anism exporting biomass-buming effluents fiom Southeast 
Asia. This is consistent with most of our samples in this 
sector being collected above 7 km (19 samples) with only 
2 samples below 2 km, and the remainder (10 samples) 
obtained between 2 and 7 km (Table 1). However, it should 
also be noted, that soot was found in only 8 of the highest 
altitude samples from SE Asia, and on average these 
samples generally had an order of magnitude less soot than 
that found at lower altitudes (Table 1). 

[24] Note, even though the water-soluble ion mixing 
ratios and soot mass were measured with very different 
techniques, by two different groups, the measurements are 
consistent with each other as shown in Figure 4. There are 
very good correlations between soot and both NH,' (R2 = 
0.92) and SOT (R2 = 0.91). which likely represents similar 
pollution sources (since SO2 is typically released by fossil 
fuel rather than biomass combustion [Ma et ul., 20031). 
There is no correlation between Na+ and soot (R2 = 0.29), 
which is expected since sea salt and soot aerosols are 
generated by very different mechanisms. There is a mod- 
erate correlation between nss-Ca2+ and soot (R2 = 0.63). 
However, this is probably coincidental due to the 
co-location of dust and pollution sources, and hence does 
not represent a real relationship between processes which 
emit dust and soot. Finally, the best correlation is found 
with K' (R2 = 0.96, Figure 4). This is particularly encour- 
aging, since K' is predominantly produced by biomass 
combustion (both open biomass-burning and biofuel com- 
bustion) and since K' primarily resides in fine mode 
particles, as does soot [Ma et al., 2003; Hasegawa and 
Olita, 20021. This gives us some confidence that the soot 
mass and water-soluble ion mixing ratios can reasonably be 
compared. 

3.3. Partitioning Between Aerosol Types 
[XI To get a better understanding of the partitioning 

between various aerosol types, the measured constituent 
masses were calculated and added up for each sample. Then 
the contribution of each type of aerosol to the total was 
determined (Table 3). Na' was used as the reference species 
to determine the proportion of sea salts present (Ca2', Mg", 
K', C1-, and SO: all have sea salt components). The 
difference between the total measured water-soluble ions 
and their sea salt contributions, was used to determine the 
non-sea-salt fractions (dominated by anthropogenic ammo- 
nium sulfate). Using Na' as the reference species requires 
all of the Na' to be assigned to the sea salt fraction, even 
though some is actually due to dust. This results in an 
overestimate of the sea salt fraction, and an underestimate of 
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Figare 4. Various water-soluble aerosol species plotted versus soot. 

the non-sea-salt fiaction. No11-sea-salt-Ca2+ (nss-Ca2> was 
used to calculate the dust mass, assuming it represents 
6.80% of the dust mass by weight [Song and Cmnichael, 
20011. Since d a 2 +  is underestimated somewhat due to 
the problems with using Na' as a reference species, the dust 
fiaction is underestimated here somewhat Not?, dust frac- 
tions (which include both nssCa2' and mMg-7 were not 

included in &e non-sea-salt (NSS) fraction (i-e., NSS = 
Na-  + nss-SO,' + m+ + nss-K?. NSS-K' is primarily 
produced by combustion processes as discussed in the 
previous section, however it is also a constituent of Asian 
dust (0.9 1% by weight [Song und Carmichuel, 20011). 
Hence, the NSS fiaction does represent some dust, partic- 
ularly in Channel, via the inclusion of all of the nss-K'. 
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Table 3. Calculated Aerosol Mass and Percentages Contributing to the Total, Means, Standard Deviations, Medians, Minima, and 
Maximaa 

Total Mass soot ss NSS Dust 

Mean f SD 
Median (rnin. -max.) 
No. of samples 

Mean i SD 
Median (rnin. -max.) 
No. of samples 

Mean f SD 
Median (min-max.) 
No. of samples 

Mean f SD 
Median (min-max.) 
No. of samples 

Mean f SD 
Median (rnin. -max.) 
No. of samples 

Mean f SD 
Median (min-max.) 
No. of samples 

Mean f SD 
Median (min-max.) 
No. of samples 

Mean f SD 
Median (min. -mar..) 
No. of samples 

Mean f SD 
Median (rnin. -max.) 
No. of samples 

Mean f SD 
Median (min. -max.) 

22.6 f 10.8 
20.7 (4.8-46.4) 

41 

6.9 f 9.7 
3.9 (0.4-50.5) 

26 

3.6 * 3.4 
2.1 (0.7- 10.4) 

10 

133.8 f 112.1 
97.3 (46.1-422.1) 

23 

50.1 f 62.0 

13 
25.1 (1.8-210.2) 

2.5 f 2.7 
1.9 (0.5-8.1) 

7 

1.3 f 1.4 
0.8 (0.2-7.9) 

40 

5.3 f 0.6 
5.3 (4.8-5.7) 

2 

3.9 4.2 
2.5 (0.4- 13.6) 

10 

0.3 f 0.3 
0.2 (0.1 - 1.2) .- 

MVW Sector a f  <2 knz Altitude 
2.5 f 1.5 33.2 f 19.2 

2.0 (0.5-7.0) 34.9 (4.1 -77.1) 
41 41 

N N B  Sector at 2 - 7 k n  Altitude 
2.2 f 1.8 2.4 f 2.0 

1.6 (0-8.2) 1.6 (0.4-7.3) 
26 26 

NNW Secfor at > 7 km ,411itude 
0.8 f 0.7 5.5 f 3.1 

5.1 (1.5-11.7) 0.6 (0- 1.8) 
10 10 

Channel Sector at <3 lim Altitude 

1.5 (0.7-3.2) 2.4 (0.9-3.5) 
23 23 

1.7 i 0.7 2.3 f 0.7 

Channel Sector at 3- 7 h i  .4llirUde 
0.8 i 0.7 2.1 f 1.1 

0.6 (0-2.4) 1.9 (0.6-3.8) 
13 13 

WSW Sector at 2 -  7 lim Altitude 
4.3 f 3.9 6.4 f 7.7 

5.0 (0-9.1) 3.7 (1.1-2.3) 
7 7 

WSW Sector at > 7 X m  Altitude 
3.9 i 4.4 14.0 f 12.3 

2.3 (0-15.1) 11.3 (1.8-54.8) 
40 40 

SE Asia Sector at 43 hn Altitude 
12.2 f 2.0 3.9 f 0.5 

12.2 (10.8- 13.6) 3.9 (3.6-4.3) 
2 2 

SE Asia Sector at 3- 7 h i  Altitude 

7.0 (1.4-16.2) 2.7 (1.3-7.5) 
10 10 

7.4 f 4.8 3.3 f 1.8 

SE Asin Sector a f  > 7 h i  A41ti~de 
4.1 f 6.9 23.4 f 10.3 

0 (0-20.4) 26.7 (4.3-35.5) 
.e .- 

36.4 i 10.1 
35.1 (19.3-63.8) 

41 

50.7 f 23.2 
46.0 (16.6-90.8) 

26 

49.6 i 21.9 
46.6 (15.9-85.3) 

10 

17.4 f 7.3 
15.8 (6.9-36.4) 

23 

15.2 f 11.7 
9.2 (4.7-38.4) 

13 

53.4 i 18.9 
57.3 (23.5-75.7) 

7 

45.6 f 25.0 
49.7 (5.2-88.0) 

40 

79.8 f 4.2 
79.8 (76.8-82.8) 

2 

53.8 f 20.4 
52.6 (19.1-80.5) 

10 

27.1 f 16.1 
26.6 (3.9-76.3) 

27.8 f 19.0 

41 
27.7 (0-63.9) 

44.7 f 24.3 
50.9 (2.0-79.8) 

26 

44.1 f 29.6 
50.3 (7.7-78.6) 

10 

78.6 f 7.5 
80.4 (58.7-89.1) 

23 

81.9 f 11.8 
87.3 (58.7-92.4) 

13 

35.9 24.4 

7 
33.9 (10.1-72.4) 

36.5 f 28.2 
25.0 (0-90.3) 

40 

4.1 f 5.7 
4.1 (0.04-8.1) 

1 - 

35.5 f 24.4 
36.0 (4.4-76.6) 

10 

45.5 f 22.3 
39.4 (12.7-91.7) 

No. of samples I /  I /  I /  17 17 
Total mass is in units of pg/m3. All other numbers are percentages. No samples h m  the Channel sector at >7 km altitude or the WSW sector at <2 km 

altitude 

Also note, organic species are not included in this discus- 
sion. This may be a significant factor, especially for SE Asia 
where biomass-burning sources may result in organic 
particulates which constitute a substantial fraction of the 
mass (e.g., Ma-vol-Bracero et ol. [2002] reported that 
particulate organic matter constituted 35% of the fine 
aerosol mass during the Indian Ocean Experiment 
(INDOEX)). 

[26] The bulk of the aerosol mass ex rted from Asia is 
carried in the Channel sector, 134 &m on average below 
2 km (Table 3). This is almost a factor of 6 higher than that 
from the NNW sector at the same altitudes. At midaltitudes 
Channel still carries the most material, 50 pg/m3 on average 
between 2 and 7 km, about a factor of 7 higher than that of 
NNW. At midaltitudes, SE Asia and WSW contain only 

Y 

about half the material present in NNW. At high altitudes, 
NNW contains only about half the material that was present 
there at midaltitudes, 3.6 pg/m3 on average, which is about 
3 times that in WSW and 10 times that in SE Asia. 

[27] At low altitudes, only about 2% of the aerosol mass 
in Channel is due to either soot or sea salt. 17% is NSS, 
while the remaining 79% of the mass in Channel is dust 
(Table 3). The percentages are similar for midaltitude 
Channel samples with dust increasing to 82%, NSS drop- 
ping to 15%, and soot dropping to 1 %. NNW also has a low 
percentage of soot (3%), but the sea salt, NSS, and dust 
fractions are all comparable at low altitudes, at 33%, 36%, 
and 28%, respectively. At midaltitudes, the sea salts are far 
less important, contributing only 2% to the total mass in 
NNW, resulting in NSS constituting 51% and dust 45% of 
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Figane 5. Size distriiutions of particle number (left panels) and Qy particle volume (right panels) are 
shown for particle Sizes langing fium 0.1 1 -20 pn d n m r .  These distributions are binned according to 
altitude (separate panels) and groups (Muw (x's), Channel (squares). WSW (Circles), and SE Asia 
(triangles)). 

the mass, while soot remains at 2%. These percentages 
remain nearly the same for high altitude NNW. 

[rs] SE Asia particulate mass, on the other hand, is about 
12% soot, with sea salts and dust each only adding 4%. 
while the bulk of material, 800? is NSS at low altitude. At 
midaltitude, soot comprises 7% of the mass, while sea salt 
remains low at about 3%, and NSS Q o p s  to 54% due to the 
relative increase in dust to 36%. At high altitudes, soot 
comprises 4%. while sea salt and NSS are comparable at 
23% and 27%, respectively, and dust mcreases to 46%. 
Note, there is very little mass here, compared with the other 

altitudes and groups, and there is wide variability m these 
high altitude SE Asia fiactions. 

[w] WSW has about 4% soot and 36% dust at both 
middle and high altitudes, while sea salt contributes 6% 
and 14%, respectively, and NSS d e s  up the rest at 53% 
and 46%. 

[30] As pointed out by Jacob et ut! [2003]. only minor 
dust plumes were sampled during TRACE-P. The largest 
dust plumes in 2001 appeared after TRACErP and were 
sampled by ACE-Asia and PHOBEA-II [Jacob et ul., 2003; 
Huebert et ai., 2003; Price et a l ,  20031. This suggests that 
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dust export from a major storm event, and any associated 
pollution, may substantially exceed the mass presented here. 

3.4. Sue Distributions 
[?I] Number densities (Figure 5, left panels) show the 

highest concentrations in the fine mode occur in the low 
altitude Channel samples. Note that the instrument response 
drops off for the smallest sizes. It is expected, that rather 
than peaking at about 0.14 pm, the number densities should 
increase all the way down to 0.11 pm, the smallest particle 
diameter shown here. There is a secondary peak around 
0.22 pm diameter present at all altitudes. The high values 
seen in the Channel number densities support the chemical 
data in that pollution is highest in this sector. However, at 
midaltitudes, the highest number densities are generally in 
the NNW sector, except for the high values seen in WSW 
and SE Asia. This also supports the chemical data, where 
the highest pollution species mixing ratios were seen in 
Channel and NNW. For the most part, number densities 
decrease with altitude. However, some high values are in SE 
Asia and WSW in the highest altitude samples. 

[32] Volume distributions (Figure 5. right panels) show 
the highest volumes in the Channel sector at low altitudes. 
The high volumes seen in the supermicron sizes for both 
Channel and NNW are due to both dust and sea salts. This is 
still the case at midaltitudes, but the volumes are about an 
order of magnitude smaller. Note, a small enhancement in 
volume is seen at all altitudes around 0.3 pm, which is likely 
due to the high number of accumulation mode particles. 
Some fraction of these are likely the (NH4)?S04 (or 
NH4HS04) seen in the chemical data. These size distribu- 
tions, both number and volume, have excluded samples 
collected when the DC-8 flew through a cloud. This led to 
the exclusion of 11 NNW (5 low, 2 middle, 4 high altitude), 
0 Channel, 6 WSW (1 middle, 5 high altitude), and 5 SE 
Asia (2 middle, 3 high altitude) samples. Had the cloud data 
remained, the volume curves were seen to increase dramat- 
ically f?om 5-20 km. For the most part, the influence of 
cloud data has been removed. However, at high altitudes, 
the high volumes seen in WSW supennicron volumes is 
likely due to passage near a cloud, with some residual 
enhanced particle volumes (Figure 5, bottom right panel). 

[3?] The low altitude size distributions here are consistent 
with those from various marine boundary layer locations 
reported by Bates et al. [2002]. They showed number 
distributions had a peak at 0.2 pm from many source 
regions measured during INDOEX, Aerosols99, ACE-1, 
and ACE-?. Some of these locations also exhibited number 
density peaks at sub-0.1 pm diameters, while others did not. 
A volume distribution curve from the Atlantic Ocean of 
African mineral dust exhibited the highest volume in their 
comparison with a peak dV/dlogD, value of about 70 for 
2.5 ~ w n  particles, compared to about 125 for 8 pm particles 
here. 

3.5. Condensation Nuclei 
[34] Mean condensation nuclei measurements (Figure 6 

and Table 4) are again highest in the low altitude Channel 
sector (17084 cm-3 CN > 4 nm, 12182 cm-? C’N > 14 nm). 
Number densities of mean condensation nuclei >4 nm 
(#/cm3 at STP) are shown along with unheated and heated 
measurements of CN > 14 nm (Figure 6 and Table 4). The 

34 
--i 

59 
I 
j 

2-7 km 

Figure 6. Mean condensation nuclei (CN) > 4 nm (black), 
unheated CN > 14 nm (medium gray), and heated CN > 14 nm 
(light gray), split by group and altitude. The numbers above 
the heated CN columns are the percentages of the total for 
each group represented by nonvolatile CN > 14 nm. 
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Table 4. Condensalion Nuclei and Volatility- Means, Standard Deviations, Medians, Minima, Maxima and Number of Samoles’ 

Mean i SD 

No. of samples 
Medim (min-ma~.) 

2988 * 4901 
11 11 (36-23274) 

38 

“w Sector at c 2 bn Altitude 
2.520 f 2495 

1068 (38-16611) 
41 

iVhW Sector at 2 - 7 hm Allitude 
4553 f 11084 

767 (433 -49923 
20 

NNR’Seckw 01 =-7 h Allilude 
4508 -C 7898 

1479 (547-26094) 
10 

Channel Secror rn <3 km Allihlde 
12182 f 12604 

4811 (1062-407463 
20 

Channel Sector at 2- 7 bn Altitude 
1041 f 811 

631 (378-3132) 
13 

1107 + 919 0.63 i 0.27 
686 (16-3765) 

39 
0.70 (0.04-0.99) 

39 

Mean f SD 

No. of samples 
Medim ( m i n - m ~ . )  

3073 f 3327 

26 
1202 (371 -9625) 

1851 f 1356 

8 
1661 (289-4537) 

0.51 f 0.32 
0.41 (0-10-0.97) 

8 

Mean i SD 
Mcdian (mm-max.) 
No. of samples 

4595 f 8685 
1654 (686-6120) 

!Q 

457 f 311 
363 (8-915) 

-. 

0.19 f 0.19 
0.13 (0.004-0.43) 

7 

Mean * SD 
Median (mm. -max.) 
No. of samples 

17084 i 18087 
10683 (1018-70675) 

23 

3645 i 3313 
2445 (765-11718) 

10 

0.34 f 0.27 
0.26 (0.03-0.82) 

10 

Mean * SD 
Median (mm. -man) 
No. of samples 

1100 i 873 

13 
675 (405-3418) 

6% i444 

13 
512 (121 - 1871) 

0.69 f 0.18 

13 
0.61 (03- 1.03) 

W3W serta af 2- 7 bn Attitude 
1023 f 311 

998 (685-1563) 
7 

Mean f SD 
Median (mm - m a d  
No. of sampks 

1132 f 366 
1064 (730-1762) 

7 

666f106 
672 (481 - 7%) 

7 

0.65 f 0.21 
0.63 (0.31 -0.92) 

7 

~ S c a o r a t > 7 b n A l t i t &  
5778 f 9906 

1993 (583-42189) 
40 

SE Asia seclar at bn AItih~& 
829 f 34 

829 (805-853) 
7 - 

SE Asia Sector at 2- 7 kn Altisude 
928 f 621 

10 

SE Asia Sector > 7 lm Altiade 
5510 f 3651 

41% (804-1224_2) 
17 

647 (353-2353) 

Mean f SD 
Median (mm.-max.) 
No. of sampIes 

6963 f 12334 
2150 (594 -50592) 

40 

1104 f 932 

38 
913 (314-4678) 

0.40 f 0‘1 
0.37 (0.02-0.89) 

38 

Mean * SD 
Median (min. -max.) 
No. of samples 

513 * 30 
513 (492-535) 

7 - 
059 * 0.06 

0.59 (0.55 -0.63) 
2 

Mean f SD 
Median (min-max.) 
No. of samples 

1127 f 1017 
715 (431-3805) 

10 

560 i 316 
524 (61-1146) 

IO 

0.66 f 0.27 
0.70 (0.09-0.98) 

10 

Mean f SD 
Median (mm. -man) 

7000 f 4586 
5041 (93 1 - 14802) 

17 

1815 * 1914 
1129 (300-7689) 

17 

031 f 0.19 
0.27 (0.07-0.68) 

17 

numbers above the heated CN columns are the mean 
percentages of nonvolatile (at 300°C) particles. what is 
striking here, is both the low mean values of total particles 
(=IO00 along with the high percentage (265%) of 
nonvolatile particles observed at midaltitudes (Figure 6) for 
all groups except ”w. This likely reflects the influence of 
cloud processing on these condensation nuclei. Clouds 
predominantly reside in this midaltitude (2-7 km) layer. 
Particles in this size range readily grow in clouds and 
volatile particles are scavenged, This has apparently led to 
preferential removal of these particles at midaltitudes. 

3.4 Optical Properties 
[u] Asian aerosols exert a great influence on the photo- 

chemistry of this region [Le$.& et al., 2003; Tang et d.. 

2003al. Aerosols influence photochemistry directly via their 
own scattering properties, and indirectly via their role in 
cloud formation, with cloud radiative properties also a m -  
ing photolysis rates. Photolysis firesuencies are enhand 
reduced depending on whether the observation is above/ 
below clouds and depending on whether the ambient 
aerosol population is highly scatteMg/absorbing [Le&- et 
01.. 20031. While clouds have a greater instantaneous effect 
on photolysis fiequencies [Lefer et aL, 20031. on average 
aerosols have a greater impact on 4 production [Tang et 
al., 2003al. The net photochemical e f f i  of clouds and 
aerosols during TRACE-P was a large decrease in photo- 
chemical 0 3  in the boundary layer [kfm et a l ,  20033. 

[36] The particulates in Asian megacity plumes can 
reduce NO, photolysis such that the mixing ratio increases 
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Table 5. Single Scatter Albedo, Scattering Coefficients and Angstrom Exponent Means, Standard Deviations, Medians, Minima, and 
h4aximaa 

u 4Mmn a,550mn uv700mn 
yo x {RI-') x IO-' (m-') i 450-700 i 450-550 5 550-700 

"I;t--6 {m-l) 

h" Serror at < 2 bn Altirude 
Mcan * SD 0.87 i 0.02 55 i 11 37 * 17 2 2 1  13 2.03 i 0.31 2.13 f 0.26 2.21 f 027 
Median @in-max.) 0.86 (0.81-0.93) 56 (10-123) 37 (7-112) 11 (4-90) 2.10 (0.77-2.40) 2.19 (1.31-2.48) 1.28 (1.17-2.54) 
No. of sampies 41 41 41 41 41 41 41 

MeaniSD 0.84 i 0.08 
Median (mm.-max.) 0.87 (0.65-0.94) 
No. of samples 26 

MeaniSD 0.93 i 0.04 
Median tmm.-max.) 0.92 (0.88-0.98) 
No. of sampks 8 

Mean i SD 
Median (min-max.) 0.85 (0.83-0.90) 
No. of samples 25 

0.86 * 0.02 

Mean * SD 0.88 i 0.05 
Median (min.-max.) 0.87 (0.39-095) 
No. of samples 13 

Mean SD 0.81 f 0.08 
Median (min.-max.) 0.82 (0.67-0.91) 
No. of sampks 7 

20 f 23 
14 (4- 121) 

26 

xi24 
13 i6-70) 

10 

163 f 114 

23 
97 (88-586) 

4-4 * 38 

13 
31 (6-130) 

13 f 11 
11 (1-29) 

7 

iVhWsedoratZ-7bnAlf imie 
1 4 5  16 9 i  10 1.64 i 0.40 

10 (3-82) 6 (3-48) 1.72 (0.81 -2.37) 
26 26 26 

hWWseaOr UI > 7 km dlrihrde 
2 1  i 25 19 f 23 1.33 i 1.20 

10 10 10 
9 f3-67) 7 (2-59) 0 76 {OW!-3.23) 

Channel Serror at < 2 hm A&itu& 
123 f 86 82 f 59 I .47 f 0.48 

71 (62-429) 45 (38-267) 1.63 (0.25-1.87) 
23 23 23 

Channel Seaor at 2 - 7 bn AItirtbrde 
39 f 36 31 *31 1.10 f 0.54 

26 (4-123) 21 (2-105) 1.01 (0.32-2.26) 
13 13 13 

WSWsenoV at 2-7 kn A M  
9 5 7  6 54 1.58 i 1.07 

7 (2-19) 5 (2-12) 1.98 (0.02-2.90) 
7 7 7 

1.73 f 0.46 
1.86 (0.42-235) 

26 

1.34 f 0.74 

10 
-. 1 43 (0.!!-2.53! 

1.65 f 0.47 

23 
1-80 (0.44-2.09) 

1.08 i 0.43 
0.97 (0.48 - 1.78) 

13 

1.64 * 1.00 

7 
2.02 (0.002-277) 

1.80 * 054 
77 (0.31 -2.69) 

26 

1.40 f 0.62 
.24 (0.40-2.33 

10 

1.79 * 0.47 

23 
94 (0.60-1.27) 

1.07 * 037 

13 
01 (057-1.74) 

1.73 f 0.83 

7 
77 (0.42-2.59) 

~&cloral>7bn,4Zri& 
Mcau 5 SD 0.84 * 0.08 10* 11 9 * 9  8 i 8  1.17 * 0.95 0.85 * 0.72 0.89 f 0.60 
M& (min.-n~.)  0.86 (0.60-0.96) 6 (1-45) 5 (2-43) 5 (2-40) 1.19 (0.06-3.26) 0.59 (0.0001 -237) 0.68 (0.06-2.36) 
No. of samples 36 40 40 40 40 40 40 

SE dsia Strtor nt <: 2 bn Altitude 
Mean i SD 0.82 1 0.00 55 f 4 35 * 2 18f 1 230 * 0.01 
Median (mm.-max.) 0.82 (0.82-0.82) 55 (53-58) 35 (33-37) 18 (17-19) 2.30 (2.29-2.31) 2.53 (2.53-2.53) 2.72 (2.72-2.72) 

2.72 * 0.m 2.53 f 0.002 

7 No. of sampks 2 2 2 2 2 - 2 

SE Asia &tor al2-  7 bn AJ!i&de 
Mean * SD 0.78 i 0.05 21 i 16 14f 10 8 i 6  1.91 * 0.73 1.92 i 0.76 2.17 f 051 
Median (6 -max . )  0.81 (0.71-0.84) 23 (1-43) 15 (1-30) 8 (1 - 19) 2.06 (0.05-2.58) 1.94 (0.11 -2.79) 1.07 (154-2.94) 
No. of samples 10 10 10 10 10 10 10 

SEA& Sextor ai 7 km Altitude 
Mean f SD 0.80 f 0.M 3* 1 2 * 1  3 i 1  1.75 f 0.97 0.68 f 059 0.70 f 035 
Median ( d - m a ~ )  0.80 (0.71 -0.90) 3 (0.5-6) 2 (2-4) 3 (1 -4) 1.80 (0.0002-3.80) 0.47 (0.0001-2.06) 0.61 (0.27-1.49) 
No. of samples 16 17 17 17 17 17 17 

'No samples iium thccbarmd sector ai >7 km altiiudcorfhe W W  at <2 kmaltitude. 

by 40% [Tong et al., 2003al. This is s u j y o r k d  by the 
finding that " 0 3  and PAN dominate NO, (NO, c 
100 pptv), except in plumes, where NO, can be >loo0 pptv 
[Talbot et al., 20031. 4 is prodwed by the photolysis of 
NO,. Hence, reducing NOx photolysis, reduces 4 produc- 
tion. Smce the photolysis of O3 produces OH and OH is the 
primary sink of CO, it is also expected that the aerosol 
influence on photolysis will reduce O3 and increase CO in 
plumes [Tang et al., 2003al. This is supported by observa- 
tions made during PHOBEA-II (flight 8, April 14, 2001). 
where an Asian dust plume transported to North America 
was found to have 0 3  antiaxrelated with aerosol scattering 
[Price et al., 20033. Further, the highest CO observed during 
PHOBEA-I1 was associated with this plume [price et al., 
20031. 

[37] To accurately model photochemistry then, a good 
understanding of aerosol optical properties is needed for any 
given region. In the next thee sub-sections, we will discuss 
the scattering coefficients, angstrom exponents, and single 
scatter albedo meanmum@ in the same context as we did 
for the chemical and size distribution data. 
3.6.1. Scattering 

[ 3 ~ ]  The Scattering coefficients (av) obtained f h m  an 
integrating nepheiometer as a function of group and altitude, 
show Channel enhanced compared to the other pups  both 
at low and midaltitudes (left panels Figure 7; Table 5). 
Otherwise, at each altitude level, mean a* is not swisficaily 
significantly different between &e groups. Submicxon par- 
ticles are the most efficient scatterers, particularly m &e 
0.2- 1 .O pm diameter range [@inn et al., 2002al. Further, 
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Figure 8. m+ mixing ratio and soot mass plotted versus 
the scattering coefficient for 550 nm. 

usp is mostly strongly dependent upon the amount of 
particulate mstter present, as opposed to its size distribution 
or composition [Delerre and O m ,  20021. Note that good 
correlations are fbund for both "J (R' = 0.82) and soot 
(R2 = 0.88) versus ~ ~ ( 5 5 0  MI) (Figure 8). These overall 
correlations are driven primarily by the Channel and SE 
Asia sectors, with R' = 0.83 and 0.94, respectively for "4' 
and R2 = 0.90 and 0.93 for soot. The other two sectors have 
much poorer anrelalions of 0.40 (NNW 0.25 (WSW 
"3, 0.42 (NNW soot), and 0.20 (WSW soot). It seems 
likely the good correlations observed for the Channel and 
SE Asia sectors are due to the prevalence of fine mode 
particulates in these regions. 

[w] Channel, with the most fine mode particles (see 
section 3.3, Figure 5), exhibits the highest values of usp 
(e.g., 123 and 39 Mm-' at 550 nm for low and midaltitude 
samples, respectively). Comparable values of u observed 
in NNW and SE Asia at low altitudes (a35 Mm-'% 550 nm) 
reflect the comparable numbers of particles present 
(Figure 5 top left panel). Lower uv observed, 4 0  Mm-' 
at 550 nm, for WSW and high altitude SE Asia is consistent 
with the lower number densities observed in these sectors at 
their respective altitudes, compared to the other groups 
(Figures 5 and 7; Table 5). These values are consistent with 
those reported by @inn et ol. [2002b] for their eight source 
regions during INDOEX, with median values ranging from 

about 15- 135 Mm-' a! 550 nm. Similarly, Sheridan et ol. 
[ZOO21 reported a mean value of 53 Mm-* at 550 nm 
observed on the C-130 during INDOEX. 
3.6.2. Aogstrom Exponent 
[a] Although, we measured size distributions directly 

(see section 3.3) with PCASP and FSSP probes, an under- 
lying goal of the Global Troposphere Experiments has been 
to link in situ measurements with satellite observations 
[Crowford et ol., 20031. The angstrom exponent is a 
measure of the wavelength dependence of scattering which 
can be used to describe aerosoI size information based on a 
remotely sensed measurement [Price et aL, 20031. Hence, in 
this section, we descrii the angstrom exponents measured 
by the DC-8 in comparison with the measured size distri- 
butions, although this is somewhat redundant with the 
mtormation presented in section 3.3. In principle, space- 
based observations of angstrom exponents may eventually 
provide regional- and global-scale inputs of aerosol size 
distributions for regional and global models. 

[.ti] The angstrom exponent (4) decreases with increasing 
particle size, h m  values of 3 to 1 between 10 and IO00 mn. 
For particle distributions dominated by supermicron par- 
ticles, 4 approaches 0 [Price et ol., 30031. Gmparhg the 
mean 4 shown in Figure 7 (right panels) to the v o h e  
distributions sbown in Figure 5 (nght panels), B clearly 
reflects the presence of larger particles. The greatest iuflu- 
ence of the larger particles is seen in low altitude Channel 
(due to the presence of dust), followed by NNW (due to sea 
salt), with the highest values observed in SE Asia at these 
altitudes. 

[Delene and Ogren, 20021, which most strongly respond to 
particles in the 0.2-1.0 pm diameter range [Quznn et ol., 
2002aI. So the shifting size distributions indicated by 4 most 
strongly reflect this submicron mode rather than the super- 
micron sizes where the bulk of the dust and sea salt mass 
resides. Due to inefficiencies with the nephelometer inlet on 
the DC-8, supennicron particles were not passed efficiently 
through to the instrument. This is a greater problem fix the 
sea salt particles than the dust particles. However, since the 
submicron fraction dominates the scattering, it is not 
expected that the scattering coefficients and angstrom expo- 
nene reported here are greatly affected by the inlet problems. 
[a] Observations of Asian dust transported to the eastem 

Pacific/western United States made during PHOBEA-II 
flight 8 showed B of 0.6 (450/550) and 0.8 (550n00) in 
the heaviest dust layers [Price et al., 20031. These values 
are comparable to the lowest values measuFed in Channel by 
the DC-8 during TRACE-P of a0.5 (450/550, Table 5 )  and 
4 . 6  (550/700, Table 5). The nepheiometer used during 
PHOBEA-I1 also did not pass supermicron particles effi- 
ciently [Price el ol., 20031. so the different values here 
probably reflect a somewhat larger size distribution near 
Asia. 
[44] Mean angstrom exponents reported by @inn et nl. 

[2002b] during INDOEX xange h m  c0.25 to about 1.7 (for 
450-700 nm) for the 8 sources regions they observed. 
These values are lower than the mean values reported here 
fbr SE Asia and WSW (1.17-2.30, 450-700 nm). This 
reflects the larger particles included in their measurement 
(up to 10 pm) compared to those here (up to I pm). 
Serihn et ol. [2002] report a mean value of 2.02 (550- 

[42] Note, B is calculated fiom the satterm - gcoefficients 
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700 nm) measured on the C-130 during INDOEX, with 
mean values fiom their most polluted region ranging from 
1.37 (>5 km) to about 3.0 at lower altitudes. These vabes 
are for submicron particles only, SO are more comparable to 
those measured here in SE Asia and WSW. However, hey 
span a narrower range of values than these two groups, 
0.70-2.72 (550-700 nm) for SE Asia and 0.89-1.73 
(550-700 nm) for WSW. 
3.63. Single Serrtter Albedo 
[js] Single scatter albedo (w,) indicates the relative 

proportion of scattering and absorbing coefficients [ o d  
(av + a,)] such that a greater relative presence of absorb- 
ing soot compared to sulhte will result in a lower w, 
[Oelene ond Ogren, 20021. While the greatest amount of 
soot was observed in Channel, the greatest amount of 
sulfate was observed there as well. Thus, the mean w,, in 
Channel is not the lowest observed (Table 5). The lowest 
mean do is seen in SE Asia (Table 5), where the relative 
propomon of soot particulates is much higher than in any 
other group (see Table 3). Most of the SE Asia means 
( 4 . 8 0 )  are statistically significantly lower than those ofthe 
other groups (=0.84-0.93), while the means of the other 
groups are not significantly different from each other. The 
lowest values measured were in the WSW group (=0.60, 
Table 5). These observations for WSW and SE Asia are 
consistent with those of Sheridan et ol. [2002], who found 
mean values of w, NN 0.80 for their most polluted sector at 
altitudes above 3 km during INDOEX. 
[56] If the soot and sulfate present in SE Asia and WSW 

are externally mixed, the mean w, indicates ammmium 
sulhte dominates the mixture (ConsciMing about SO?? of 
the mass [Seinfeeld and Padi s ,  19983). If however, these 
constituents are internally mixed, e.g., a soot core, with a 
sulfate coating, then these materials each contribute about 
50% by mass to the mixture on average. An aerosol 
population for these regions consisting of approximately 
80% sulfate and 20% soot is consistent with the findings of 
Bush and Volm [3oCn], who found during INDOEX that 
an aerosol mixture with 83% &om highly scattering sulfate- 
type aerosols and 17% !?om absorptive soot-type aerosols 
could best explain the total aerosol optical depth at 500 mn. 
Further, they found similar contributions whether the 
observation was made on days with relatively low or high 
aerosol concentmtions, suggesting the composition remains 
consistent, despite diffaences in total aerosol concentra- 
tions. In the NNW and Channel sectors, which exhibit larger 
mean w, sulfate dominates the mixture whether it is 
internally or externally mixed. 

4. Summary 
[47] We have presented the chemical and physical aerosol 

data obtained on the DC-8 platform during TRACE-P, 
grouped based on back trajectories into four sectors and 
divided into three altitude levels. The four sectors represent 
long range transport tiom the west (WSW), regional circu- 
lation over the western Pacific and Southeast Asia (SE 
Asia). polluted transport !?om northern Asia with substantial 
sea salt at low altitudes and a substantial amount of 
dust (Channel). 

[JS] The highest mean mixing ratios of water-soluble ions 
and soot were observed at the lowest altitudes (4 km) in the 

Channel sector, with 2 17 nmoVm3 Ca", 148 nmol/m3 m+, 
129 nmol/m3 SO,', 108 nm0Vm3 NOT, and 2201 n g h 3  soot. 
NNW had the highest mean sea salt mixing ratios. 105 nmol/ 
m3 Na' and 104 nmoVm3 Cl-, while hi4+ and SOT were 
about a factor of 2 lower than those in low altitude Channel 
and Ca" was an order of magnitude lower (1 4 nm0Ym3). 
Low altitude SE Asia had lower mixing ratios in general, with 
Na", C1-, and Ca" < 10 nmoVm3 and "4+ and SOT about 
30 nmoVm3. However, soot is relatively important in this 
region, contributing 638 ng/m3 in the low altitude samples 
and 2 19 ng/m3 in the midaltitude samples on average. WSW 
has generally low mixing ratios at both middle and high 
altitudes, with no species >IO nmolhn3 and 400 ng/m3 
of soot. 

[4~ ]  The bulk of the aerosol mass (determined hm .soot, 
sea sait, dust, and water-soluble inorganic ions, no organic 
species included here) exported h m  Asia emanates fhm 
Channel below 2 km altitude, 134 &m3 on average, 
compared with 50 &m3 at these altitudes &om NNW. 
Between 2 and 7 km, Channel still exports the most 
particulate material, averaging 50 &m3 compared with 7, 
4, and 3 bg/m3 fiom NNW, SE Asia, and WSW, respec- 
tively. At high altitudes (4 &m3 is exported on average, 
fiom all sectors. 
[so] Dust contxibutes 79% of the mass in the charmel 

sector, followed by non-sea-salt water-soluble inorganic 
species (17%) below 2 km. At these altitudes, NNW aerosol 
has comparable amounts of sea salt, dust, and non-sea-sah, 
33%- 28% and 36%. respectively. The bulk of the mass for 
both SE Asia and WSW is due to non-sea-salt water-soluble 
iWrganic species, although SE Asia aIso contains a rela- 
tively high propodon of soot, 12% at low altitudes, 7% 
between 2 and 7 Ian 

[SI] The aerosol physical data is consistent with the 
chemical data. Number density and volume distributions 
support the chemical data showing enhanced fine particles in 
Channel and NNW as well as enhand supennicron vol- 
umes for these sectors due to sea salt and dust. The highest 
condensation nuclei number densities are in the Channel 
sector at low altitudes. with ultrafine particles >4 nm 
exceeding 17,OOO particles/cm3 on average. At midaltitudes 
(2-7 km) mean condensation nuclei number densities are at 
their lowest (~1000  particles while the nonvolatile 
firaction is at its highest (51% NNW, 265% for the other 
groups). This is attributed to wet scavenging which removes 
hygroscopic CN particles. 
[s?] Enhanced scattering (>80 Mm-') in the Channel 

sector is attributed to the high densities of fine particles 
compared to other groups. Angstrom exponents show good 
agreement with the volume measurements, yielding the 
lowest mean values m the dusty Channel sector. The single 
scatter albedo reflects the enhanced soot in the SE Asia 
sector, with mean values of about 0.80. The polluted 
sectors, NNW and Channel have means ranging !?om 

[s] The industrialization of Asia is expected to continue, 
leading to an increase in emissions of both gases and 
particulates. Throughout this TRACE-P special section, 
aerosols are shown to play various important roles in the 
composition and evolution of Asian outflow. Aerosols 
exhiiit extreme spatial and temporal heterogeneity compli- 
cating their representation in regional and global models. 

0.84 -0.93. 
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This overview has tried to provide a context for better 
understanding the composition, physical properties, and 
distribution of aerosols measured during TRACE-P, and 
their role in the export and evolution of Asian continental 
outflow. 
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Figure 1. Back trajectories for the aerosol samples divided into four sectors. The top left panel shows 
trajectories for samples collected at altitudes >7 km. Only three sectors are represented at those altitudes, 
NNW (red), WSW (gold), and SE Asia (blue). The bottom left panel is a side view IFom the Pacific 
Ocean looking toward the Tibetan Plateau. This view shows these trajectories typically represent high 
altitude long distance transport. The top right panel shows trajectories for samples collected at altitudes 
<2 km. Only three sectors are represented at these altitudes, NNW (red), Channel (green). and SE Asia 
(blue). The bottom right panel shows only the low altitude Channel trajectories, angled to show that these 
trajectories flow along the surface and are confined by the surface topography. 
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F i r e  2. Aerosol mean chemical signaiura for each p u p ,  split by altitude. 
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[I] Aerosol data collected near Asia on the DC-8 aircraft platform during TRACE-€' has 
been examined for evidence of uptake of NO; and SOT on dust surfaces. Data is 
compared between a sector where dust was predominant and a sector where dust was less' 
of an influence. Coincident with dust were higher mixing ratios of anthmpojpic 
pollutants. "4, SQ, and CO were higher in the dust sector than the nondust sector by 
factors of 2.7, 6.2, and 1.5, respectively. The colocation of dust and pollution swces 
allowed for the uptake of NOT and nss-SOT on the come dust aerosols, increasing the 
mixing ratios of these particulates by factors of 5.7 and 2.6 on average. There was 
sufficient nss-SOT to take up all of the m+ present, with enough excess nss-SOT to also 
react with dust CaC03. This suggests that the enhanced NO, was not in fine mode 
NH4N03. Particulate NO? @-NO;) constituted 54% of the total NO, (t-NO;) on 
average, reaching a maximum of 72% in the dust sector. In the nondust sector, pN03 
contributed 37% to t-NO,, likely due to the abundance of sea salts there. In two other 
sectors where the influence of dust and sea salt were minimal, p-NO, accounted for 
< 1 5% of t-NOF. 
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1. Introduction 
E] The two primary objectives of NASA's Transport and 

Chemical Evolution over the Pacific (TRACEGP) mission 
were to characterize the sources and chemical composition 
of Asian OUMOW and to study the evoiution of this outflow. 
As part of this mission, measurements of aerosol chemical 
and physical pmperties were made aboard the DC-8 aircraft 
[see Jorrian et ol., 3003; Dibb et Q L ,  20031. Samples clearly 
influenced by dust were obtained. Recent modeling and 
laboratory studies [e.g., Bong et ol., 1994: Dentener et d., 
19%; Xioo et 01,1997; Goochnun et ol., 2000: Phdnis and 
Comichael, 2OOO; Song ond Cormichoel, 2001a, 2001b 
Underwood et ai., 20011 have suggested that alkaline dust 
particles can lake up acids resulting m increased coarse 
mode NO, and SO:. In this paper, we report in situ 
evidence collected regionally aboard the D G 8  that supports 
prior indications that such uptake occurs in the atmosphere. 

[3] Using 40 years of dust storm records, Sun et al. 
[20013 describe how dust is transported out of China. These 

'NASA Langley Research Center, Hampton, Virginia, USA. 
2Climate Change R e d  Center, Institute for the of Earrh, 

Oceans, and Space, University of New Hampshire, Durimq New 
Hampshire, USA. 

3Departmcnt of M N o r o M ,  Florida State University, Tdahassce, 
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dust storms occur predominantly in spring [Liu, 1985: Sun 
et ol., 20011 and are due to cold air outbreaks which cause 
frontal systems and the Mongolian cyclonic depression. 
About 78% of dust mrrns are associated with the Mongo- 
lian cyclone with the remaindex associated solely with the 
passage of cold fi-onts [Sun el al., 20011. There are two 
dominant source regions of dust in East Asia, the gobi 
deserts in Mongolia and northern China, and the Taklima- 
kan Desert in western China. Owing to the mountains 
surrounding the Taklimakan, dust can only be exported 
out of this region when strong easterlies loft dust above 
5 km in altitude (the height of the mountains). At these 
heights, this dust becomes entrained m the jet stream and 
may then be tmspomd long distmces over the Pacific 
Ocean and to North A m e r k  Dust tram the gobi deserts of 
Mongolia and northern China on the other hand, is gen- 
erally lofted to altitudes <3 km and then transported in a 
southeasterly direction, depositing dust on the Loess Pla- 
teau, eastern Asia, and the westem Pacific (Figure 1 [Sun et 

[4] The h e m l o g y  of bess at its source consists primarily 
of quartz (SiO,). feldspars, micas, clays, carbonates (pri- 
marily CaC03). and several minor minerals [@e, 1987: 
Goo and An&ierson, 20011. The carbonate content is rela- 
tively constant at 12% by weight in loess, dust, and ground 
surface samples [Dmbyshire et ol., 19981. N i s h h o  et 01. 
[1991] found that weight fiactions of SO; in soils of arid 
regions of China ranged firom 4.01% to 0.46%. insufficient 
to account for the high fiaction of SO: m dust downwind 

38-  I 

a/., 20011). 
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Figure 1. Map of cold air outbreaks and suspended dust 
routes in East Asia, fiom Sun et al. [2001]. 

of these regions. Individual dust particles from five dust 
storms in Beijing examined by Zhung and Iwasaka [ 19991 
showed very little water-soluble SO: on the surface of these 
particles. Only N 15% of the particles had a s u l k  peak; even 
fewer, 11%, showed any NO;. This suggests that little 
chemical alteration takes place prior to reaching Beijing. 
Yet, samples collected in Qingdao, 500 h n  southeast of 
Beijing, showed 50-80% of the coarse particles (>2 pm 
diameter) were coated with SO; [Parungo et al., 19951. 
This chemical alteration then must occur downstream fiom 
Beijing. 

[5] The presence of CaCO3 in Asian dust is important 
because it reacts with acids such as sulfuric and nitric acid. 
In this way, dust particles may be chemically altered from 
their original composition at their source. Assuming the dust 
particles travel along a path where anthropogenic S and N 
sources are important, the surface area provided by the dust 
particles may lead to significant alteration of the air mass 
chemistry as SO2 and HN03 transfer from gas to particulate 
phase [Zhang et al., 1994; Xiao et al., 1997; Song and 
Carmichuel, 2001a, 2001bl. The presence of these acidic 
ions on dust can change the solubility of the aerosol from 
hydrophobic to hydrophilic [Song and Carniichael, 200 la]. 

[6] Evidence of SO: and NO; on dust is found in 
studies of individual particles [e.g., Wu and Okada, 1994; 
Parungo et al., 1995; Gao and Anderson, 20011 as well as 
studies of bulk aerosol composition [e.g., Choi et al., 2001; 
Kiln and Park, 20011 and precipitation [e.g., Minoura et al., 
19981. Individual particles show both NO; and SO: inclu- 
sions along with CaC03, as well as particles where all of 
the C03= has been replaced [Wu and Okada, 1994; 
Parungo et al., 1995; Gao and Anderson, 20011. Bulk 
aerosols from dust events show that the dominant water- 
soluble ions are SO;. NO;, Ca2+, and Mg2' [Choi et al., 
2001; Kim and Park, 20011. Where size-resolved data is 
available, NO; and SO; are found primarily in the coarse 
fraction associated with Ca2+ during dust events [Kim and 
Park, 20011. In the absence of dust, SO; is primarily in the 
fine mode, while NOT can be associated with either N&+ in 
the fine mode [Kim and Park, 2001; Song and Carmichael, 
2001al or Na' in the coarse mode [Song and Cannichael, 

2001al. In precipitation in Japan t$e highest average con- 
centrations of NO;, SO;, and Ca-' are observed during 
Kosa (dust storm) events [Minoura et al., 19981. The low 
pH of precipitation during these dust events is attributed to 
the large amounts of acidic ions on the Kosa particles 
scavenged by the precipitation [Minoura et al., 19981. By 
the time dust particles reach Korea and Japan, -75% of the 
carbonate has been displaced by SO; and NO; [Nishikawa 
et ul., 19911. 

[7] Various modeling studies have estimated the degree to 
which heterogeneous reactions contribute to the production 
of coarse mode SO; and NO;. Chameides and Stelson 
[I9921 estimated >70% of SO; formed by heterogeneous 
reactions. Using a regional three-dimensional (3-D) model 
for the period 1-14 March 1994, Xiao et al. [I9971 
estimated chemical conversion of SO2 in the presence of 
dust contributed 20-40% to total SO; production in East 
Asia. Song and Carniichael [2001a], also using a regional 
3-D model, found heterogeneous reactions account for 10- 
40% of SO; production in dust plumes and 10-80% in 
sea-salt-dominant regions. They attribute the greater pro- 
duction of SO: on sea salt versus dust to the dust mass 
distribution having a larger coarse fiaction than sea salt. 

[s] Dentener et al. [ 19961 looked at irreversible reactions 
of HN03, N2O5, NO3, H02, 03. and SO, on dust surfaces. 
They predicted that a substantial kaction of SO: is asso- 
ciated with mineral aerosol. They also found that an even 
larger fraction of gas phase HN03 may be neutralized by 
mineral aerosol. Phadnis and Carmichael [2000] predict 
>70% of gas-phase HN03 is partitioned onto dust over the 
gobi deserts, while IO-70% of " 0 3  ends up in particulate 
phase over the rest of East Asia. Song and Cannichael 
[2001a] predict 10-50% of HN03 partitioned into NOT in 
the boundary layer, with this partitioning exceeding 70% in 
dust and sea-salt plume centers. In the free troposphere, they 
predict 10-30% of HN03 partitioned into particulate phase, 
increasing to >SO% in dust plume centers. Song and 
Curmichael's model [200la] also suggests that while 
NO; resides primarily in coarse mode, in regions with 
abundant NH3 and HN03, line mode NH4N03 may be 
found. The region where this is most likely to occur is 
around the lower Huang River, where there is high 
population density and agricultural activity [Song and 
Carniichael, 2001 a]. 

[9] A laboratory study of the uptake of " 0 3  on CaC03 
particles [Goodman et al., 20001 found the reaction was 
limited to the particle surface in the absence of water. 
However, in the presence of water vapor the reaction was 
not limited to the surface of the particle. Underwood et al. 
[2001] studied the uptake of NO2 and "03 in the 
laboratory coupled with model calculations. They found 
that while uptake of NO2 does not appear to be significant, 
uptake of HN03 is significant, with mixing ratios reduced 
by 30%. They note that this fraction is likely to increase 
under humid in situ conditions versus the dry conditions of 
their experiment. 

[IO] A companion paper [Jordan et al., 20031 presents a 
thorough discussion of the DC-8 aerosol observations dur- 
ing TRACE-P in the context of four source regions based on 
back trajectories. These four sectors are NNW, Channel, 
WSW, and SE Asia (moving roughly counterclockwise 
fiom north to south). WSW and SE Asia samples were 
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Figare 2. Back trajectories of the dust sector (Channel, 
green lines) and the nondust sector ("W, red lines). 

generally collected above 2 km altitude and represent 
relatively long range transport. m T W  and Channel included 
many low altitude samples (a km) which were heavily 
influenced by sea salts (both sectors) and dust (Channel). 
Here we focus on these latter two sectors to look for 
evidence of gas to particle transfer of NO: and SO;. 

2. Approach 
[11] Back trajectories coupled with aerosol chemical data 

were used to classify the DC-8 TRACE-P aerosol data into 
four groups [ J o h n  et al., 20031. The back trajectories were 
calculated using a kinematic model based on global mete- 
orological analyses eom the European Centre for Medium- 
Range Weather Forecasts (ECMWF) [Fuelberg et ol., 
20031. The chemical samples were collected over periods 
ranging fkom -5 to 35 min during level flight legs. The 
back trajectories were calculated every 5 min during level 
flight legs. Thus an individual aerosol sample might have 
anywhere fiom one to seven back trajectories associated 
with i t  Samples that had multiple trajectories which ema- 
nated fkom more than one of the four sectors were classified 
as mixed and were not used any firther in the analysis. The 
idea was to obtain a set of samples that represented a given 
sector with as little interference from other sectors as  

possible. In this way. 77 samples were obtained for the 
h%W sector. 38 for Channel, 31 for SE Asia, and 47 for 
wsw. 

[I?] NNW and Channel trajectories both emanate h m  
northern Asia, with the Channel trajectories bounding the 
N N W  trajectories to the south and west (Figure 2, top). The 
Channel trajectories themselves are bounded to the south by 
the Tibetan Plateau. WSW trajectories (not shown here) 
typically reflect high altitude, long range txansport h m  the 
west as fiw away as Afiica. SE Asia trajectories tend to 
circle over the westem Pacific and southeast Asia. Both of 
these latter sectors have much lower mixing ratios of 
aerosols in g e n d  than the two former sectors, making 
them less apppriate for a comparison which tries to isolate 
the dust component. For a more extensive discussion of the 
sampling method and back trajectory calculations, please 
refer to the work of Jordan et al. [2003]. A complete 
discussion of the aerosol properties of each sector appears 
m that paper. Here the intention is to use just the channel 
and NNW sectors to examine the influence of & on 
aerosol chemistry, particularly, the uptake of NO;: and 
SO; on dust surfaces. Note that mixing ratios (pptv) were 
converted to moles or mass per unit volume using standad 
cubic meters rather than volumetric cubic meters (e.g.. pg 
m-? STP or pmol SCM-'). 

3. Discussion 
[n] Sun et al. [2001 J described the pathways of the cold 

air outbreaks which lead to dust storms, as well as the 
pathways the suspended dust particles follow once sus- 
pended (Figure I). Pathway I is followed by cold air masses 
near Lake Baikal which move southward across cenlral 
Mongolia and China. Pathway I1 involves cold air misses m 
the northwest which result in dust storms along the Hexi 
Comdor (a northwest-southeast trending geograpbic region 
which connects #e Xinjiang and Gansu provinces) and gobi 
deserts in northern China. Pathway III results in dust stom 
both in the Hexi Corridor and Taklimakan Desert. Most of 
the cold air outbreaks follow pathway II (4 1%), followed by 
pathway 3 (37%), and pathway I (32%). Sun etal. [2001 J then 
break down the routes the suspended dust travels. Routes A, 
B, and C (Figure 1) cany dust &om the gobi deseIts in 
Mongolia and China depositing it en mute to Korea, Japan, 
and the Pacific Ocean. Route B is most common (W?) 
followed by C (33%). then A (7%). Route D canies dust out 
of the Taklimakan Desert to high altitudes where it becomes 
entrained in the jet stream and is transported long distances 
downwind [Sun et al., 200 I]. 

1141 During TRACE-P, using aerosol chemistry coupled 
with back trajectories, we determined the path followed by 
the majority of the dust observed by the DC-8 [Jordan et 
al., 20031. The back trajectories for these dust samples 
(Figure 2, bottom) closely resemble the C and B routes 
described by Sun et al. [2001] (Figure I). 

[15] In order to investigate the role of dust in heteroge- 
neous uptake of NOT and SO;, we compare the dust sector 
(Channel) to the adjacent sector (NNW). The primary 
distinction between these sectors is the presence of dust 
However, Channel also has higher pollution inputs as well. 
as evidenced by gas phase species such as HN03 and CQ 
(Table I). This results in all aerosol species showing higher 
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Table 1. Means, Standard Deviations, Medians, Minima, Maxima, and Nuniber of Samples for Various Aerosol and Gas Phase SDecies" 
NO3-,- nss-S04-, nss-Ca2', Na', "4'. "03, so2, co, Ethyne/CO, 

nmolim' n m o ~ / m ~  nmol/m' I U L I O V ~ ~  nmovm3 nmoum3 NnoVm' PPbV pptvlppbv 
Channel 

Mean i st. dev. 7 4 1  110 91 + 9 1  1 6 8 i  177 64*91  104i 115 4 4 * 4 9  1 4 7 i  173 258 f 138 3 3  i 1 . 1  
Median (min.-max.) 40 (1-60) 78 (5-4911 115 (2-622) 26 (1-314) 92 (6-639) 33(6-264) 115(1-931) 256 (1W-830) 3.2 (1.9-8.0) 
No. of samples 38 38 38 38 38 38 33 38 38 

AWU' 
Mean i st dev. 1 3 i  16 -35 + 26 10+  12 5 7 i 7 0  38 i 2 9  17* 13 2 4 i  36 176 i 49 3.0 f 0.8 
Median(mm.-max.) 6 (1-90) 31 (3-96) 5 (0-59) 12 (1-255) 26 (1-101) 17(3-61) 8(1-174) 185 (13-266) 3.1 (0.9-4.6) 
No. of samples 77 17 77 77 17 76 62 77 75 

"St. dev., standard deviation; min., minimum: m3x., maximum; no., number. 

means in Channel than N N W  except for Na'. The primary 
source of Na' in the DC-8 measurements is sea salt; hence 
there is little difference between the mean mixing ratios for 
these groups. 

[la] As discussed by Keene et al. [1986], Na' and Mg" 
are generally considered the best tracers of sea salt. How- 
ever, this can become complicated when crustal sources add 
a significant amount to these species in coastal environ- 
ments. Comparing the measured ratio of Mg2'/Na' to the 
equivalence ratio of 0.227 found in bulk seawater [Wilson, 
1975; Keene et al., 19861, one can determine which species 
to use as the reference sea-salt species. A ratio in excess of 
0.227 indicates a crustal Mg" influence, while a ratio less 
than this suggests a crustal Na' component. Here the data 
closely adheres to the sea-salt ratio for the NNW group 
(Figure 3). However, M g "  is clearly enhanced in Channel, 
altering the slope significantly from what one would expect 
for sea salt (Figure 3). Thus for this study, Na' is used as the 
reference species for sea salt, since it appears less likely to 
suffer from major deviations from the marine source. 
However, it is known that Na' is a component of Asian 
dust [Song and Cannichael, 2001bl. Hence in calculating 
the sea-salt and non-sea-salt components of the aerosol 
species reported here, the sea-salt component will be some- 
what overestimated, leading to an underestimate of non-sea- 
salt species for the Channel group. 

[17] The distribution of NO;, HN03, nss-Ca2+, Na', 
nss-SO;, and N&+ as a knction of altitude show that most 
species are enhanced at low altitudes (Figure 4). Density 
ellipses which enclose 90% of the points within each group 
show Channel mixing ratios enhanced compared to those of 
NNW. The enhancement of NO; may be due to three 
possible reaction routes: (1) uptake of HN03 by sea salt, 
(2) uptake of HN03 by alkaline dust, primarily by reaction 
with CaC03, or (3) formation of fine mode NH4N03. The 
fmt pathway may be eliminated since there is little differ- 
ence in the availability of Na' between Channel and NNW 
(Figure 4). Further, several of the high NO; samples (circles 
in Figure 4) appear at low concentrations of Na'. Four of 
the high NO; samples (blue circles in Figure 4) do have 
high Na' concentrations; however, these samples also have 
the highest nss-Ca')+ measured (Figure 4). This suggests the 
high Na' in these samples is due to crustal dust rather than 
to sea salt. All of the high NO; samples are also high nss- 
Ca2' samples. In addition to the high NO; markers 
(circles), there are many samples with enhanced dust (red 
squares in Figure 4). These samples do not have enhanced 
" 0 3 ,  which suggests that both HN03 and nss-Ca2' need 

to be enhanced to yield enhanced NO; via uptake on dust. 
Another possible explanation for the enhanced NO; may be 
the formation of fine mode ".,NO3 rather than coarse 
mode uptake of NO;. All of the enhanced NO; samples are 
observed to have enhanced NH; as well (Figure 4). Most of 
the markers also show enhanced nss-SO; (Figure 4). Hence 
both mechanisms 2 and 3 may be important. 

[18] Taking nss-Ca2' values >loo neq/m3 to indicate 
enhanced dust, there are clearly two populations of NOS 
(Figure 5).  Samples where NOT is 2 about 100 neq/m3 
(circles in Figure 5 )  tend to fall near the 1:l line, although 
generally there is excess nss-Ca2' compared to NO;. The 
other population is denoted by red squares. For these 
samples, although nssCa2' indicates an abundance of dust, 
there is little appreciable increase in NO;. Note that the one 
green square indicates a sample that is likely to be predom- 
inantly sea salt, since it lies on the seawater slope shown in 
Figure 3. The blue circles in Figure 5 have NO; in excess of 
100 neq/m3. yet they are well away from the 1 :1 line. Given 
their very high amount of nss-Ca2', it is possible that either 
the sample was obtained prior to the air mass reaching 
chemical equilibrium between the dust and HN03, or there 
was insufficient €€NO3 to produce more particulate NO;. 
The correlation between the black circles and nss-Ca2' is 

1 m I I 

1 
' l ' l ~ l ' l ' l ~ l ' l '  

0 50 I00 150 200 250 300 
Na' (neq/m3) 

Figure 3. Mg" versus Na'. Red linear fit to Channel data 
points; green fit to NNW data points. Circles indicate dust 
samples with enhanced NO; and nss-SO:. Red squares 
indicate dust samples without enhanced pollution species. 
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Na+ (nm01/m3) 

F i e  4. Aerosol and "03 mixing ratios shown as a function of altitude. The density ellipses enclose 
90% of the points within their respective groups, Channel (red ellipse) and "w (green ellipse). Circles 
indicate dust samples with enhanced NOT and nss-SC&. Red squares indicate dust samples without 
enhanced pollution species. 
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Figure 5. NOT, nss-SO;, HN03, and SO2 shown as a function of dust (nss-Ca"). Circles indicate dust 
samples with enhanced NO, and nss-SO;. Red squares indicate dust samples without enhanced pollution 
species. 

even closer to 1:l for nss-SO; (Figure 5) than for NO;. 
Again, there is little increase in nss-SO; with increasing 
nss-Ca2+ for the red square population. The blue circles are 
still set apart with respect to nss-SO: and nss-Ca2+. "03 
and SO2 (Figure 9, suggest the circles reflect the presence 
of higher levels of gas phase pollution than is present for the 
red squares (or the non-dust-enhanced black squares). This 
suggests that only dust intermingled with a sufficient 
amount of gas phase pollution will show significant uptake 
of NOT and SO;. Note that where nss-Ca2' is low, there are 
still appreciable amounts of nss-SO;. Presumably, this nss- 
SO; is due to uptake of nss-SOT on sea salts (coarse mode) 
or the presence of fine mode NH4HS04 and (",1)2S0,1. 
These results are similar to those reported by Choi et al. 
[2001]. They also reported cases in Seoul where some dust 
events were enhanced in pollution species, while other 
events were not. 

[19] Next consider the possibility that the observed NO; 
resides in fine mode ",+NO3 particles. There is a stunning 
correlation between NO; and N&+ (Figure 6), with the data 
points lying along the 1 : 1 line indicative of NH4N03. There 
is some excess N&+ compared to the NO;, but not much. 
This suggests that particulate NO; is in fine rather than 
coarse mode. However, the relationship between nss-SO; 
and N&+ (Figure 6) argues against this scenario. There is 
clearly more than enough nss-SO; to accommodate all of 

the N&+. Given the preferential fonnation of NH4HS04 and 
c"4)2SO4 to that of the more volatile W N 0 3  for typical 
atmospheric temperatures and pressures, it seems unlikely 
that the bulk of NH; is associated with NO, in this region. 
The correlation observed here may be coincidental. There 
are very good correlations between NH; and both HN03 
and SO? (Figure 6) suggesting that NH; is simply a good 
tracer for pollutants. Investigating this possibility further, 
there are excellent correlations betwe,en CO and NH; (R2 = 
0.94) and Ethyne/CO and "4' (R- = 0.92) for the dust 
sector data (Figure 7). Both of these, CO and EthyneKO, 
are used as tracers for pollution. Neither one plays any role 
in the formation of =+, which supports the assertion that 
the good correlation between N&+ and NO, seen here is 
coincidental. Although modeling work by Song and 
Cannichael[2001a] suggests that N&NOj may form along 
the "lower courses of the Huang River" (which underlies 
the path of the dust flows), there is evidence suggesting that 
NO; is associated with the coarse mode. Wu and Okuda 
[ 19941 found coarse NO; in all of their samples collected in 
Nagoya, Japan, including on the surface of dust particles 
during a Kosa event. Further, Kim and Park [2001] compar- 
ing samples during a dust stonn and nondust periods in 
Seoul, Korea, found that the maximum concentration of m' was in the fine mode (e pn diameter) under both 
conditions. Meanwhile, both SO; and NO3 were enhanced 
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Figpre 6. Nar, nss-SOi, "03, and SO2 shown as a function of Mi+'. Circles indicate dust samples 
with enhanced NOT and nss-SOG. Red squares indicate dust samples without enhanced pollution species. 

D 

during the dust storm in the coarse hction and were well 
correlated with coarse mode Ca". In plots of Kim und 
Park's [3001] size-resolved data, there is no evidence of a 
&e mode peak m NOT. In the absence of size-resolved 
aerosol chemical measurements during TRACE-P. these 
observations argue against SO; and NO: bemg primarily 
associated with "J in the presence of dust. 

[20] To estimate how much nss-SO; remains available for 
u p a e  on IISS-C~~+, assume all partidate N&+ is in the 
form of ("&SO4. l%en, measured "4' equivalence is 
subtracted h measured nss-SOi equivalence to yield 
excess nss-SO; (Table 2). Further, NO, is added to 
this excess ~SS-SO;, and the sum is collipared to nss-cat' 
(Table 2). On average, 57% of the available nss-SOz can be 
taken up by Nh', with the remainder available for uptake 
on dust and sea-salt surfaces. Even including NO;, there is 
ample nss-Ca2+ to take up the measured NO;; and excess 
nss-SO;. Indeed, even if there were no NK'. the available 
nss-SOi and NOT would only react with 76% of the 
available nss-Caz+. 

[21] This suggests the uptake of nss-SO; and NG-, in the 
heavily dust-impacted Channel samples, is limited by the 
amount of HNQ and SO2 present, not by dust Although, it 
is possible that all the available Ca2+ on the surface of the 
particles is associated with NO; and SO,', while the 

remaining ca2+ is m the core of tfie particles where it 
cannot react with external gas phase species, this scenario is 
unlikely given the study by Goodman et al. [2000]. They 
found that m the presence of water vapor, the reaction of 
HNQ can proceed into the bulk of the particles driving off 
all of the CO;. This makes all of the observed Ca2' 
potentially available for reaction. Given this argument, the 
uptake observed during TMCE-P was probably limited by 
the availability of acidic gases, rather than dust. 
[z] In comparison, in the "W sector where dust is not 

so prevalent, there is insuf€icient nss-Ca2' available to take 
up the available excess nss-SOi and Na- (Table 2). Hese 
these species are more likely to be associated with sea salt 
and are present at mu& lower levels &an observed in the 
dust sector. To further illustrate this, Figure 8 shows excess 
~SS-SO; versus ma2+. Ifthere was sufficient nss-so; to 
react with all ofthe nsscaz+ present, the dida WOUM 
along the 1 : 1 line. In fact, where dust is not enhanced, &ae 
is more nss-SO: tfian can be accounted for by dust (black 
squares in Figure 8). This suggests this SO; is associated 
with fine mode m+ or perhaps wih coarse Illode sea s a ~ t  
However, where there is plenty of dust (Circles and red 
squares in Fi e 8), excess nss-SOi is well correlated with 

NO: is included in this analysis, the most polluted samples 
nssSa2+ (R P - 0.87) with a slope of 0.2. Further, when 
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are seen to lie along the 1 : 1 line (Figure S), suggesting most 
of the CO; in the dust has been displaced. For the remainder 
of the dust enhanced samples, the uptake appears to be 
limited by the availability of HN03 and SO2. 
[23] This exercise probably underestimates the amount of 

excess nss-SOi. As noted earlier, the non-sea-salt fkactions 
have been underestimated, since some component of the 
Na+ present is due to dust, even though it is all assumed to 

400 / 
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0 

Rz = 0.87 
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Figure 8. Excess nss-SO; and excess nss-SOT + NO, 
versus nss-Ca2+ show how much of these species are 
available for uptake by dust after allowing Nb '  to take up 
as much nss-SO; as possible. Circles indicate dust samples 
with enhanced NOT and nss-SO:. Red squares indicate dust 
samples without enhanced pollution species. 

be sea salt. Thus the total amount of species in non-sea-salt 
fkactions is somewhat higher than that shown here. Another 
issue to bear in mind comes from a study of individual 
particle composition. Goo and Anderson [2001] reported 
that fly ash particles (distinguishable from dust by their 
spherical rather than irregular shape) also show aggregation 
with CaS04. This is attributed to the use of CaC03 to scrub 
SO2 from stack emissions. This can confound the interpre- 

Table 2. Means, Standard Deviations, Medians, Minima, Maxima, and Number of Samples for Excess nss-SO; and NO-; 
Compared to Available Dust 

nss-so;, N%+,- Excess nss-SO;, NO;, Excess nss-SOT + NO;, nss-Ca'', 
neq~m' neqlm' neq/m3 neq/m3 nes/m3 neqlm' 

Channel 
335 f 353 152 f 178 Mean f st. dev. 182 f 183 104 f 115 78 i 84 74 f 110 

No. of samples 38 38 38 38 38 . 38 
Median (min.-max.) 156 (11 -982) 92 (6-639) 58 (0-343) 40 (1 -60) 103 (6-945) 229 (4- 1245) 

"W 
Mean f st. dev. 70 f 52 38 f 29 32 f 28 13 f 16 45 f 37 19 f 24 
Median(min.-max.) 62 (6-191) 26 (1-101) 23 (3-98) 6 (1-90) 39 (3-178) 12 (0- 119) 
No. of samples 77 77 77 77 77 74 
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Figure 9. Comparison of NOT partitioning between the 
dust sector (Clxinnel). a sector with lots of sea salt (NNW), 
and two sectors where the influence of dust and sea salt 
are minimal (SE Asia and WSW). Green diamonds show 
means (center horizontal line) with the 95% confidence 
interval indicated by the upper and lower points of the 
diamonds, while the width of the diamond is proportional to 
the group size. Red rectangles show quantiles, with upper 
and lower bars indicating the 9Otb and 10th percentiles, 
respectively, top and bottom of box are at the 75th and 25th 
percentiles, respectively, and the red line in the box is the 
median. Circles on the right indicate whether the means are 
statistical€y different. The center of each circle is aligned 
with the mean of i s  respective p u p ;  the diameter of 
the circle spans the 95% confidence level. When the circles 
do not overlap, the means are significantly different. When 
they do overlap. the means may not be significantly 
different. 

tation of non-size-resolved aerosol chemistry, because there 
will be a component of the nss<a2- in the fine tiaction 
which is not related to dust. However, in the presence of 
large dust outbreaks it is expected that this contribution to 
the total nss-ca2+ will be d. 

E241 Finally, the partitioning between particulate NO; 
@-NO;-) and gas pbase " 0 2  is shown for dust (Channel) 
versus nondust sectors (Figure 9). For comparison 
the paxtitioning is also shown for the other two sectors 
studied during TRACE-P, SE Asia and WSW. The SBIIlpes 
h m  these sectors have minimal sea salt and dust innu- 
a c e s  (see Jordan et al. [2003] for a wmplete description 
of these sectors). Here we see that while the means for SE 
Asia and WSW may not be significantly different h m  
each othex, they are both significantly different &om the 
other two, which are also significantly different from each 
other (Figure 9). For the groups least affected by the 
presence of sea salt and dust (SE Asia and WSW), the 
amount p-NO, accounts for is only 6-13% of the total 
Na; (t-NO; = p-NO, + €€NO3) present, on average 
(Table 3). Where dust is not a dominant component of 
the atmosphere 0, p-NO, accounts fbr 37% of the 
t-NO, on average, probably due to the influence of sea 
salts in this sector. For the dust sector, pNOT makes up 
54% of the told OQ average, with maximum values of 72% 
observed (Table 3). These numbers agree well with those 
predicted by Song and Carmichael [200 1 a] where 10- 5oOh 
of t-NOF would be padculate in the presence of dust and 
sea salts, with >7P? in dust and sea salt plume centers in 

the boundary layer, while in the kee troposphere, 10-30% 
would be p-NO; on sea salts and >SO% in dust plume 
centers. 

4. Summary 
[25] Dust storms are prevalent in East Asia, with the dust 

being carried downwind along well-defined routes [Sun et 
al ,  20011. This dust starts out with very little NO; or SO,' 
in the dust grains [ l \ ' i s h i k a ~ ~  et 01.. 1991; and Z h n g  and 
h a s u b ,  19991. However, in the presence of pollution, 
these dust particles can take up NOT and SO;, altering 
both the partitioning between particulate and gas phases 
of these species, as well as their size distributions in 
the atmosphere (especially, SO;). During the TRACE-P 
mission, dust was found to be well confined to a particular 
sector emanatmg &om Asla m good agreement with the 
routes described by Sun et a1. [2001]. 

e61 This dust sector also wntained the highest mixing 
rat~os of pollutant species observed, with gas-phase " 0 3  
2.7 times higher on average than in the adjacent uondust 
sector. Similarly, S a ,  CO, and the ratio of EthyneKO were 
6.2, 1.5, and I .  1 times higher in the dust samples. Sea salt 
could not account for the enhancements in NOT and SO; 
(factDrs of 5.7 and 2.6, respectively), Since the mean miXing 
ratios of Na' in the dust and nondust regions were wm- 
parable (64 and 57 &m3, respectively). Although a good 
correlation between Na- and "; was observed, it appears 
that this was coincidental. As a tracer of anthropogenic 
species, N&+ also exhibited excellent correlations with CO 
and the EthyndCO ratlo (0.94 and 0.92, respectively). 
These species are not involved in any way with N&+ 
formation. Prior observations in East Asia where size- 
resolved data was available did not show fine mode peaks 
of NO; when dust was present. Further, calculations 
showed that there is ample nss-SO; to occupy the available 
"4' and still have enough left over to react with dust. 
[z] During TRACE-P, the uptake of NOT and SO; 

appeared to be limited by the availability of gas phase 
species. Where there is ample " 0 3  and S a  along with 
dust particles, the uptake of Na- and SO; can be sub- 
stantial and in some cases may entirely drive off the Ca' in 
the dust aerosol. The partitioning between particulate and 
*-phase N@- shows 54% of the total NO, (t-NOy) in the 
dust sector is in particulate (PNa-) phase on average. In 
some samples, p-NOT exceeded 70%. This is in good 
agreement with model predictions [Song and Cannichel, 
2001al. In the nondust sector, p-NO; constituted 37% of 
t-NO;-, likely due to the heavy influence of sea salt. Two 
other sectors with little influence of dust or sea salt had 
pN0; contributing a small fraction to the total, 45%.  

I283 These results provide evidence of in situ uptake of 
acidic gases on alkaline dust particles in support of model 
predictions and labomtoy studies. This uptake may result in 

Table 3. Means, Standard Deviations, Medians, Minima, Max- 
im% and Number of Samples for Nitrate Partition Comparison 
NOT/(NO; + HNG) 

NNW channel wsw SE Asia 

037*0.16 0.54*0.15 0.13i0.13 O.MiO.05 

76 38 43 26 
0.40 (0.00-0.63) 0.27 (0.08-0.72) 0.06 (0.00-0.43) 0.04 (0.00-0.18) 



GTE 38-10  JORDAN ET AL.: NITRATE AND SULFATE UPTAKE ON DUST 

enhanced removal of nitrogen from the atmosphere, which 
may be important on regional scales. The presence of NO; 
and SO; on coarse particles may lead to enhanced acid 
deposition along with its detrimental effects to terrestrial 
ecosystems than would be observed in regions without dust 
outbreaks. Enhanced deposition of NO; to marine eco- 
systems may make inore of this limiting nutrient available 
to the coastal biota. These effects may be magnified, if 
emissions of pollutant N and S increase with further 
industrialization in East Asia. 
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Chemical composition of Asian continental outflow over the western 
Pacific: Results from Transport and Chemical Evolution over the 
Pacific (TRACEP) 
R. S. Russo,' R. W. Talbot,' J. E. Dibb,' E. Scheuer,' G. Sei&' C. E. Jordan: 
H. E. Fuelberg2 G. W. Sach~e ,~  M. A. Avery? S. A. Vay: D. R. Blake:' N. J. Blake:' 
E. Atlas: A. Fried,' S. T. Sandholm,6 D. Tan: H. B. Singh? J. Snow,' and B. G. Heikes' 

[I] We characterize the chemical composition of Asian continental outflow ohserved 
during the NASA Transport and Chemical Evolution over the Pacific (TRACE-P) mission 
during February-April 2001 in the western Pacific using data collected on the NASA 
DC-8 aircraft A significant anthropogenic impact was present in the fiee troposphere and 
as far east as 150"E longitude reflecting rapid uplift and transport of continental emissions. 
Five-day backward trajectories were utilized to iden@ five principal Asian source 
regions of outflow: centd, coastal, north-northwest 0, southeast (SE), and 
west-southwest (WSW). The maximum mixing ratios for several species, such as CO, 
C2C14, CH3Cl, and hydrocarbons, were more than a factor of 2 larger in the boundary layer 
of the central and coastal regions due to industrial activity in East Asia. CO was well 
correlated with C2H2, C2&, C2CI4, and CH$l at low altitudes in these two regions (2 - 
0.77-0.97). The NNW, WSW, and SE regions were impacted by anthropogenic soun'~s 

above the boundary layer presumably due to the longer transport distances of air masses to 
the western Pacific. Frontal and convective lifting of continental emissions was most 
likely responsible for the high altitude outflow in these three regions. Photochemical 
processing was influential in each source region resulting in enhanced mixing ratios of 03, 
PAN, HN03, H 2 4 ,  and CH300H. The air masses encountered in all five regions were 
composed of a complex mixture of photcrchemically aged air with more recent emissions 
mixed into the outflow as indicated by enhanced hydrocarbon ratios (C2H2/C0 2 3 
and C3H$C2& 2 0.2). Combustion, industrial activities, and the burning of biohels and 
biomass all contributed to the chemical composition of air masses fiom each source region 
as demonstrated by the use of C2H2, C2Q, and CH3CI as atmospheric tracers. Mixing 
ratios of 0 3 ,  CO, C2H2, C2& SO2, and C2Cb were compared for the TRACE-P and 
PEM-West B missions. In the more northern regions, 03, CO, and SO2 were higher at 
low altitudes during TRACE-P. In general, mixing ratios were fairly similar between the 
two missions in the southern regions. A comparison between CO/C02, CO/C&, C&/ 
C3H8, NOx/S@, and NO,/(S@ + nss-SO4) ratios for the five source regions and for the 
2000 Asian emissions summary showed v a y  close agreement indicating that Asian 
emissions were well represented by the TRACE-P data and tbe emissions 
inventory. 
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2020, China is predicted to be the largest emitter of NO, in 
the world [van Aardenne et al., 19991. However, Streets et 
al. [2003] revealed that the economic downturn in Asia in 
the late 1990s resulted in lower SO2 and NO, emissions 
than expected. Owing to the potential of Asian emissions to 
modify the global tropospheric composition, it is crucial to 
the global community and to the formation of environmen- 
tal policies to characterize and document these temporal 
variations in Asian emissions. 

[3] It is well documented that Asian anthropogenic emis- 
sions and dust are transported over the North Pacific Ocean 
[e.g., Ditce et al., 1980; Meriill et al., 1989: Jafk et al., 
19991. Several studies have documented the influence of 
Asian outflow on the western U. S. and the impact of rising 
Asian emissions on the global troposphere [e.& Berntsen et 
ai., 1999; Jacob et al., 1999; Xenger et al., 20001. The 
magnitude of this impact varies throughout the year due to 
different meteorological situations in the various seasons. 
During the summer and fall, the Pacific high is located over 
the western Pacific and inhibits outflow from the Asian 
continent. The high causes an easterly flow of aged marine 
air to the western Pacific. In the spring, this high-pressure 
system is displaced eastward allowing the rapid and direct 
transport of continental outflow from Asia to the western 
Pacific [Bachmeier et al., 19961. A strong Siberian high- 
pressure system is also present during winter [Fuelberg et 
al., 20031. These two high-pressure systems result in 
maximum outflow from the Asian continent occurring in 
the late winter and spring [Merrill et al., 1989, 19971. 

[4] Two previous aircraft missions were conducted to 
document the impact of seasonal variations in Asian out- 
flow on the western Pacific. The Pacific Exploratory Mis- 
sion (PEM)-West A was conducted in September-October 
1991, and PEM-West B occurred in February-March 1994. 
Asian outflow was found to be the main contributor to the 
tropospheric composition below 5 km [Talbot et al., 1997; 
Gregop et al., 19971. PEM-West B was characterized by 
two-fold enhancements in anthropogenic species, such as 
CzH2, C2H6, and C3Hg, and decreased photochemical 
activity compared to PEM-West A. Increased source emis- 
sions and the winterlspring time period of PEM-West B 
were the presumed explanations for these differences. Wet 
convection was an important mechanism for transporting air 
to the upper troposphere during both missions [Talbot et al., 
19971. The PEM-West missions provided valuable docu- 
mentation of the trace gas and aerosol signatures of Asian 
outflow and infonnation about the impact of Asian emis- 
sions on the western Pacific troposphere. 

[5] A wide variety of pollution sources contribute emis- 
sions to the western Pacific troposphere because of differ- 
ences in demographic and industrialization patterns. This 
results in specific sources being more predominant in 
certain regions of Asia. Fossil fuel combustion (e.g., elec- 
trical power generation) is the primary source of energy in 
Asia leading to emissions of SO2, CO, COz, hydrocarbons, 
and reactive nitrogen species. China is the largest Asian 
source of SO2 because of its use of high sulfur coal as a 
primary energy source [sfreets et a)., 2003; Carmichael 
et al., 2003b; Kat0 and Akimoto, 19921. Biohels (e.g., 
crop residues, fuel wood, animal waste, and charcoal) are 
estimated to be -24 % of the total energy use [Streets and 
Waldhgff; 19981. Biofoels are typically used for cooking and 

heating and are the dominant energy source in developing 
countries. Also, biomass burning is widespread in southeast 
Asia [Cmzen and Andreae, 19901. As a result, emissions of 
CO, hydrocarbons, CH3CI, and nitrogen species are 
expected from SE Asia. The domestic sector of central 
China is an important source of both fossil fuel and biofuel 
anissions [Carmichael et al., 2003bl. Industrial activities 
(i.e., petroleum refining, solvent usage, fuel evaporation 
during storage and transport, and natural gas leakage) have 
a considerable impact on the tropospheric composition of 
East Asia and result in emissions of C2CI4, CC14, CHsCC13, 
and CFCs [Blake et al., 19961. Also, biogenic (Le., vege- 
tation, ocean) emission and uptake processes influence the 
composition of the western Pacific [e.g., Talbot et al., 
1996a, 19971. 

[6] The focus of the NASA TRACE-P mission was to 
provide a comprehensive assessment of the impact of these 
various pollution sources on the atmospheric composition of 
the western Pacific and to study the chemical evolution and 
aging of Asian outflow. A secondary goal of TRACE-P was 
to determine if increasing Asian emissions over the past 
decade had a measurable impact on the tropospheric chem- 
istry over the western Pacific and if the emission projections 
were substantially correct. A variety of methods were used 
to analyze and study the TRACE-P data, including exam- 
ining the partitioning of specific species, models, emission 
inventories, meteorology patterns. transport inechanisms, 
and air mass trajectories. The results are presented in the 
many companion papers in this issue. In this paper we 
characterize and compare the chemical composition of 
outflow originating fiom the predominant source regions 
identified on the Asian continent and its transport to the 
western Pacific. 

2. Experiment 
[7] The TRACE-P mission was conducted during Febru- 

ary-April 2001. The scientific rationale for the mission, 
species measurement details, and descriptions of the indi- 
vidual flights are presented in the TRACE-P overview paper 
[Jacob et ~ l . ,  20031. The large-scale meteorology of the 
region during February-April 2001 and air mass trajectory 
details are described by Fuelber-g et al. [2003]. The mea- 
surements used in this paper were made on the NASA 
Dryden DC-8 aircraft. The mission was composed of 17 
transit and science intensive flights in the geographic region 
of 0-50% latitude and 110- 18O'E longitude. The aircraft 
flew at altitudes ranging from 0.3 to 12.5 km. Flight 6 was a 
transit flight from Guam to Hong Kong, Flights 7 - I2 were 
based out of Hong Kong, and Flights 13 - 17 were based out 
of Yokota Air Force Base, Japan. 

3. Database 
[s] The data utilized in this paper was collected during 

Flights 6-17 within the geographic region of 10-45% 
latitude and 110- 150"E longitude. Merged data products 
for specific time intervals were created by NASA Langley 
Research Center due to the wide range of measurement time 
resolutions for the various species. The data presented in 
this paper was averaged to a 1 min time resolution. 
Measurements reported as below the limit of detection of 
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Figure 1. General locations of the five source regions of Asian continental outflow determined firom 
S-day backward trajectories. Data was collected within the geographic region 10-49” and 110- 150% 
indicated by the dashed line box. This region only represents the Dc-8 study area for Flights 6- 17. 

the instrument or that were influenced by stratospheric air 
were not included in the analysis. Stratospherically influ- 
enced air was defined as 0 3  above 100 ppbv and CO less 
than -70 ppbv (Northern Hemispheric background mixing 
ratio). When enhancements of both species were observed 
the data was not removed from the database and was 
considered to be a mix of StratDspheric and polluted air. 

[9] Five-day backward trajectories, calculated by Florida 
State University [Fuelberg et al., 20031, were used to 
identij. continental source regions of outflow. Only meas- 
urements made during constant altitude flight legs were 
sepated into the source region designatious while data 
collected during the spiral ascents and descents was not 
included due to spatial heterogeneity in the air masses. 
Transport was dominated by strong westerly flow off of the 
Asian continent. Trajectories that did not travel ova  a 
continent, which was an i&equemt occurrence, were not 
included m any of the source region groups. 

[IO1 - . ‘on of the five-day backward tmjectories 
indicated that there were five general source regions of 
outflow (Figure I). The five regions and their approximate 
latitude and longitude ranges are: central (30-60%. 80- 

25%, 80- 140°E), north-northwest (NNW) (40-65’%, 
10-70%), and west-southwest (WSW) (0-40%, 0- 
6OoE). These five source regions represent the general 
positions of the air masses five days prior to when they 
were encountered by the DC-8 over the westem Pacific. 
Classification of the trajectories was based on thelr region 
of origin and the path that they followed to the westem 
Pacific. Jonian et al. 120033 used the same source region 
classification to characterize the aerosol distrhtion in East 

13OoE), coastal (20-40%, 9C-130%), southeast (SE) (0- 

Asia and included examples and desfaiptions of the trajx- 
tones in eacb source region. Jordan et al. [2003] refers to 
the cenlxal region as ‘‘Channel.” 

[11] The data was further separated into three altitude 
ranges, <2 km, 2-7 km, and >7 Ian, representing the 
boundary layer, middle troposphere, and upper ;troposphere. 
The three bins reflect the aircraft’s altitude at the sampling 
time. The a g e s  were chosen based on vertical distributions 
of O3 and aerosols obtained by the DIAL instnunent 
[Bmwell et al.. 20031. The data was not evenly distributed 
across the five source regions during the time period of the 
measurements due to the altitudes flown by the DG8. For 
example, the WSW region did not contain any boundary 
layer data, and the coastal region does not have data above 
4 Ian Also, the trajectories that comprise the central 
region were conshained by mountains to the north and &e 
Tibetan Plateau to the south. As a result, the central region 
does not have data >7 km because the hi&altitUde tmjec- 
tones aze not affected by the topography of this region 
[Jordan et al., 20033. 

4. Characterization of Flights 6-17 
[12] This section discusses some general features of the 

observed trace gas distributions over the western Pacitic 
for Flights 6-17, including measurements made during 
both constant altitude and spiral flight legs. The term 
“enhanced” is used to indicate when a species mixing 
xatio was greater than its Noxthem Hemisphere background 
mixing ratio. Measurements obtained during Flight 5, 
which was a transit flight fiom Hawaii to Guam, were 
used to estimate the background mixing ratios. Several 
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Figure 2. Latitudinal distribution of 03. CO, and C2H2 mixing ratios for Flights 6- 17 for three altitude 
ranges: <2, 2-7, and >7 kin. 

of the back trajectories from Flight 5 only traveled over 
the ocean indicating that the air masses were composed 
of clean, aged marine air, and thus should be fairly repre- 
sentative of springtime, Northern Hemispheric background 
air. Background was considered to be the lowest one third of 
measurements in each altitude range. Background mixing 
ratios for several gases are listed below. The first value 
corresponds to the background mixing ratio below 2 km, 
the second corresponds to 2-7 km, and the third number 
is the background above 7 km: CO = 90, 80, 74 ppbv, 
0 3  = 15, 20, 15 ppbv, C2C14 = 3, 2.5, 2 pptv, CH3Cl = 

480, 420 pptv, C3H8 = 50, 20, 15 pptv, and SO2 = 7, 20, 
14 pptv. 

[13] The latitudinal distribution of O3 in the three altitude 
ranges over the western Pacific basin was relatively similar. 
The mean O3 mixing ratio at all altitudes was -50-60 ppbv 
(Figure 2). The large peaks approaching 200 ppbv in the 
middle and upper altitudes occurred in air masses with a 
mix of stratospheric and polluted air. Coincident with the 
high 0 3  were enhanced mixing ratios of CO (80- 150 ppbv) 
indicative of a combustion influence in these air masses. As 
a result, the stratospheric influence could not be completely 
removed. The mean CO mixing ratio in the boundary layer 

530, 530, 520 p p t ~ ,  C2H2 = 120,65, 50 pptv, C2H,5 = 650, 

was -200 ppbv, and 100-130 ppbv in the middle and 
upper troposphere (Figure 2). This suggests that an anthro- 
pogenic influence was present at all altitudes over the 
western Pacific. The abnormally large peak in the boundary 
layer near 30% was due to the Shanghai plume which will 
be discussed in more detail in a later section. 

[M] The most significant outflow occurred in the boundary 
layer between 20 and 40% latitude, which corresponds to 
surface outflow directly off of China, Japan and Korea. 
Several species, such as CO, C02, C2H2, C&, C3Hs, and 
C2Cl4, exhibited enhanced mixing ratios between -30 and 
45% suggesting a general trend increasing with latitude 
(Figure 2, only CO and C2H2 shown). This feature was 
particularly noticeable in the middle altitudes. Several com- 
panion papers also concluded that the strongest outflow 
occurred in this midlatitude band [e.g., Liu et al., 2003; 
Vuy e tul.. 20031. During PEM-West B, Blake et ul. [1997] 
found a sharp transition at 25% latitude with stronger 
outflow and larger mixing ratios for C2H6, C2H2, and 
C2Cl4 to the north, and this trend was most pronounced in 
the middle altitudes. Both the location of the major industrial 
areas and the strong outflow conditions in the late winter and 
spring at these latitudes were proposed to be responsible for 
the high mixing ratios. 
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[IS] An important finding of TRACE-P was that signifi- 
cant outflow was encountered III the middle and upper 
troposphere and as fir east as lSOOE longitude (Figure 3). 
This indicates that anthropogenic influences were not con- 
fined to surface regions close to the Asian continent and 
suggests that emissions were rapidly uplifted and transported 
over the western Pacific. CO, CO-,, S@, C,CI.,, CH3C1, and 
non-methane hydrocarbons (NMHCs). such as C2H3 C&, 

sphere. For instance, at 150"E longitude, CO reached over 
250 ppbv in the middle altitudes and -200 ppbv at higher 
altitudes. SO2 mixing ratios peaked at approximately 
6000 pptv in the middle altitude range. Also, C& reached 
~ 3 0 0 0  pptv and -1500 pptv in the middle and upper 
troposphere, respectively (Figure 3). In addition, Vay et al. 
120031 found that the most efficient continental outflow and 
that nearly 80% of the C q  flux fiom the Asian continent 
occurred in the middle troposphere between 35 and 40%. 

1161 The rehtive age of an air mass resulting &om 
atmospheric processing (mixing and photochemistry) can 
be estimated bemuse of the different reactivities of chemical 
species emitted during combustion. NMHCs with short 
lifetitlzes will be removed h m  an air mass before longer- 
lived species; thus the mixing ratio of the short-lived species 
will decrease more quickly and alter the ratio value [e.g., 
McKeen ond Liu, 1993; Smyh et ol., 19961. The &H&O 
and C3HdC2H6 ratios are used in this paper to indicate air 
mass processing. A higher ratio (Le., C2H2/C0 > 3, C3H$ 
C2& > 0.3) suggests that an air mass contains recent 
emissions (less than a few days old) while a lower mtio 

C3&, c~fI4, had enhanced mixing &OS in the &X trOp0- 

@e. CtH2/CO < 1, C3H$C2& < 0.1) is indicative of an 
aged air mass ( ~ 1  week old) [e.g., Gregory et 01.. 19973. 

[n] During TRACE-P, both recent and aged emissiOnS 
reached the &e troposphere and were transported into the 
central Pacific as indicated by the lmgitwhnal distnbutiion 
of the C?H2/C0 (Figure 3) and CJr$C2H, ratios. At 150"E 
longitude, the C2H2/C0 ratio had values as large as 4. and 
this was particularly noticeable in the middle altitude range. 
These results indicate that the combustion emissions were 
only 2 or 3 days old, implying rapid uplifting from the 
Asian continent and txanspo~t to these remote oceanic areas. 
The C3H$C2& ratio demonstrated similar behavior and 
trends in its values. In each altitude range and at 150'E 
longitude, the CsH$C2& ratio reached values of approxi- 
mately 0.2 and higher. 

5. Characterization of Air Mass Source Regions 
[18] This section discusses and compares the character- 

istics of the five principal Asian source regions identified by 
analysis of backward trajeceJries. Atmospheric tracer species 
were used to determine which pollution sources contribused 
emissions to regional outflow. Elevated mixing ratios of CO 
and CzH2 are indicative of combustion sources [Sngh ond 
Zimmermon, 1992). CZCI., is an industriahrban tracer since 
its only known sou~ce is through anthropogenic activities 
[Bloke et al., 19%; Ping et ol., 19951. In addition, CH3CI 
and HCN are good tracers of biomass burning [BlaRe et ol., 
1996; Singh etol., 2003; Li etol., 20031. Tables 1-5 present 
summary statistical information describing the chemical 
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Table 1. Mixing. Ratios for Selected Species From the Central Source Regiona 
<2 km 2-7 !an 

Species Mean Median Std. Dev. Max Min N Mean Median Std.Dev. Max Min N 
0 3  64 
co 303 
NO 73 
NO: 530 
NO, 2430 
"03 1323 
PAN 1225 
SO? 4172 
co2 378 
H,OZ 567 
CHjOOH 98 
CHzO 2640 
CZH6 2695 
CZR 396 
CzHz 1465 

CBH6 43 1 
i-CsHlo 205 
n-c.410 290 
CH4 1856 
Czc4 18 
Cc14 104 
CH~CCII 43 
CHXI 654 
CHJBr IO 
CFC- 1 1  264 
CFC- 12 543 
CFC-113 81 
CZH2lCO 3.87 

C 4 s  1010 

64 13 
264 153 
48 71 
477 42 1 
1726 2249 
833 1293 
888 1014 
262 1 4428 
377 3 
446 441 
88 50 
1690 2884 
2540 662 
106 68 1 
860 1639 
822 586 
240 549 
125 23 1 
209 229 
1855 33 
12 19 
100 1 1  
41 5 
559 239 
9 4 
262 7 
540 12 
80 5 
3.37 1.34 

138 
1113 
399 
2926 
13487 
7412 
4264 
30736 
392 
2137 
293 
9824 
4888 
3052 
10403 
3174 
3101 
1345 
I384 
1983 
123 
162 
66 
1677 
29 
293 
615 
113 
9.35 

41 
I35 
0 
8 
222 
222 
2 
353 
3 74 
20 
36 
208 
1396 
4 
308 
271 
61 
31 
46 
1788 
8 
98 
40 
530 
8 
259 
534 
77 
2.24 

229 
215 
211 
184 
228 
229 
102 
205 
199 
122 
107 
35 
110 
108 
110 
1 IO 
1 IO 
110 
110 
208 
110 
110 
1 IO 
I IO 
110 
110 
110 
110 
102 

60 
140 
14 
55 
297 
202 
194 
80 
3 74 
741 
228 
85 
1415 
27 
339 
308 
64 
40 
67 
1197 
6 
99 
40 
568 
9 
259 
535 
79 
2.40 

61 
135 
1 1  
51 
276 
169 
175 
65 
374 
535 
225 
82 
1334 
19 
313 
279 
62 
39 
58 
1794 
6 
99 
40 
563 
9 
259 
535 
79 
2.35 

6 
25 
1 1  
38 
150 
I10 
69 
64 
1 
552 
108 
19 
22 1 
'2 
107 
96 
25 
16 
30 
13 
2 
1 
0 
23 
0.27 

3 
1 
0.40 

7 
& 

16 
219 
64 
177 
938 
938 
364 
284 
3 76 
1725 
482 
122 
1968 
93 
645 
540 
147 
83 
151 
1837 
10 
102 
41 
643 
9 
262 
543 
80 
3.82 

47 
104 
2 
0 
65 
106 
118 
10 
372 
134 
1 04 
61 
1125 
3 
209 
184 
28 
15 
27 
1767 
4 
97 
39 
542 
8 
255 
528 
78 
1.91 

129 
128 
82 
71 
129 
120 
41 
91 
118 
49 
35 
17 
44 
44 
44 
44 
44 
44 
44 
118 
44 
44 
44 
44 
44 
44 
44 
44 
43 

CJH&H, 0.35 0.33 0.09 0.77 0.19 110 0.21 0.2 1 0.04 0.31 0.15 44 

per million by volume. The C2H2/C0 ratio is in parts per trillion by volumdparts per billion by volume. 
"Mixing ratios are given in parts per trillion by volume except for 0;. CO, and C& which are in parts per billion by volume and for C02  which is in parts 

composition of the five source regions. This information is 
used in our discussion of each of the five source regions. 

5.1. Central 
[IQ] The most striking feature of the central region was the 

Shanghai plume which was sampled in the boundary layer 
(-0.3 km) during Flight 13 over the Yellow Sea (Figure 4). 
Several species had their highest inking ratios measured 
during the entire mission in this plume (Table l), including 

CH3CCI3, CH3CI, HN03, PAN, and NO, (NO, = NO + 
NO2 + " 0 3  + PAN + PPN + c1-C~  alkyl nitrates). For 
example, CO mixing ratios peaked at - 1100 ppbv, C2H2 at - 10,000 pptv, SO? at -3 1,000 pptv, C?C4 at 123 pptv, and 
CH3CI at -1700 pptv. Aerosol Cat' and NOT were also 
significantly enhanced in the boundary layer indicating a 
strong dust and anthropogenic influence [Jordan et al., 
20031. The Shanghai plume was largely composed of recent 
combustion emissions that were less than 1 day old (max- 
imum C2H2/CO = 9.4, C&/Ctf&, = 0.77). The observed 
composition of the plume was most likely quite similar to its 
original composition. Photochemical species, such as 03. 
PAN, "03, CH300H, and H202, were also enhanced. For 
example, 0 3  reached -140 ppbv while PAN peaked near 
4300 pptv. These high levels indicate significant photochem- 
ical activity even at this time of the year. Correlations of O3 
and CO (9 = 0.82) and 0 3  and PAN (2 = 0.69) were fairly 
robust and suggested that O3 and PAN were photochemically 
produced from combustion derived precursor gases in the 
outflow. The strong correlation between O3 and CO reflects 

CO, SO?, C2H3 C,&, C2H4, C3H8, CH20, C~CIJ, CC14, 

the recent einission inputs into the Shanghai plume where 
dilution and mixing processes had not acted to significantly 
alter the overall composition of the plume. O3 and CO were 
poorly correlated in the other four source regions, where the 
emissions were clearly more than 1 day old. Siinpson et al. 
[2003] discuss the chemistry and production of C2-C5 alkyl 
mtrates in Asian outflow and concluded that the Shanghai 
plume contained very fresh emissions of these species and 
that dilution was not a significant factor affecting the 
observed plume composition. 

[zo] Pollution plumes from other urban regions around 
the world show enhancements in many of the same anthro- 
pogenic species, specifically CO, NMHCs, and halow- 
bons. However, these enhancements occur in varying 
degrees compared to the Shanghai plume. For example, 
NMHC mixing ratios in the southeast U.S. and Houston, 
Texas have been found to be substantially higher than in the 
Shanghai plume [e.g., Kang et al., 20011. The mixing ratios 
of several hydrocarbons (e&, C2H6, C3H8. C2H2, c d 6 )  
have been found to be factors of -2-50 higher in Mexico 
City [Blake and Rowland, 19951. Also, C 2 b ,  C2H2, C3H8, 
c&, and co were observed to be approximately a factor 
of 2 larger in London in the winter than the maximum 
values of these species observed in the Shanghai plume 
[Derwent et al., 19951. A notable difference between the 
Shanghai plume and other urban regions is the large 
influence from biohel emissions most likely reflecting their 
use for cooking and heating in East Asia. C3H8, C2H2, 
c&. C&, i-C4HI0. and nC4Hlo mixing ratios observed 
in South Korea were fairly comparable with the Shanghai 
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Table 2. Mixing Ratios of Selected Species From the Coastal Source Region' 

<2 hn 2-4 km 
Species M a  Median Std.Dev. Max Min N Mean Medmn SldDev Max Min N 

41 
201 
7 
41 
_MI 
439 
201 
207 
376 
1 243 
470 
763 
1498 
208 
665 
315 
I 8 9  
94 
121 
1816 
9 

102 
41 
638 
10 
262 
540 
80 
2.46 

43 
166 
2 
13 
386 
322 
19 
48 
315 
1176 
35 1 
4 6 1  
1353 
9 
384 
21 1 
79 
32 
38 
1808 
8 
100 
41 
580 
9 
26 1 
538 
80 
2.28 

14 
107 
15 
89 
525 
365 
336 
377 
35 
611 
359 
797 
716 
452 
749 
448 
272 
160 
21 1 
24 
6 
6 
3 
176 
2 
4 
6 
1 
1.19 

83 
586 
79 
503 
3267 
2120 
1065 
1554 
389 
3179 
1535 
3553 
3598 
1794 
3264 
2069 
1207 
138 
1030 
1915 
32 
127 
54 
1333 

18 
217 
559 
85 
5.66 

15 
124 
0 
0 
56 
128 

1 
4 
373 
339 
53 
92 
669 
3 
125 
21 
30 
9 
4 
1735 
3 
91 
39 
522 
8 
256 
532 
17 
0.94 

290 
264 
221 
1 95 
283 
267 
104 
105 
233 
108 
100 
90 
105 
93 
105 
105 
105 
89 
93 
241 
105 
1 05 
105 
105 
105 
105 
105 
105 
94 

58 
151 
23 
35 
43 1 
M U  
142 
27 
374 
1404 
269 
265 
1085 
30 
376 
171 
77 
23 
36 
1779 
5 

100 
40 
589 
9 
26 1 
539 
80 
227 

60 
132 
17 
33 
475 
326 
115 
21 
374 
1553 
280 
245 
929 
22 

255 
131 
42 
12 
16 
1716 

5 
100 
40 
575 
9 
261 
538 
80 
1.91 

6 
41 
20 
22 
260 
169 
126 
19 
1.1 
59 I 
117 
128 
336 
25 
212 
89 
55 
20 
30 
11  

1 
1 
32 
0.43 

1 
3 
I 

0.71 

7 - 

69 
212 
110 
131 

1096 
876 
412 
I 2 0  
376 
3093 
531 
488 
1914 
87 
908 
3 75 
185 
65 
100 
1831 
11 
102 
41 
662 
10 

264 
544 
81 
3.94 

43 
101 
5 
6 
24 
135 
15 
10 
312 
416 
84 
55 
793 
3 
181 
65 
27 
4 
7 
1761 
3 
99 
39 
549 
8 
259 
534 
79 

1.66 

1 1 1  
83 
94 
65 
110 
95 
51 
38 
84 
58 
55 
32 
39 
ZZ 
39 
39 
39 
39 
39 
72 
39 
39 
39 
39 
39 
39 
39 
39 
31 ~ ~~ 

0.16 0.12 0.58 0.04 105 0.15 0.13 0.05 0.24 0.08 39 
Mixing mtios rn ghm in parts pcr trillion by volume cxocpt for@, CO, and CI.4 whih (1~ t  inpartsper billion by volume andforC@ which is m paris 

pamilli~m by V ~ U W .  Thc CzH2Ky) mtb is in parts PIX tn'lliw by v o l e  p ~ r b i l l h  by voknnc 

Table 3. Mixing Ratios of Selected Species From the SE Source Region' 

<2 hm 2-1 Irm 27 km 
Spccies Mcan M& Std.Dev. Max Mm N Mean Median Std.DN. Max Min N Mean Median StdDcv. Max Min N 

39 
208 

195 
784 
17 
23 
376 
5660 
1351 
346 
1182 
6 
459 
123 
88 
14 
18 

1 800 
5 
99 
39 
620 
9 
260 
536 
79 
2.26 

40 
205 

796 
783 
17 
20 
376 
5699 
133 1 
300 
llS5 
6 
456 
112 
86 
17 
19 
1799 
5 
100 
40 
624 
9 
260 
536 
79 
2.24 

3 
18 

43 
41 
8 
11 
0.65 
50b 
223 
114 
104 

1 
82 
18 
16 
5 
6 
5 
0 
1 
1 
23 
0 
1 
1 
1 

0.23 

43 27 25 52 
254 157 25 123 

16 
31 

884 730 25 369 
884 713 25 336 
27 3 9 159 
45 7 16 32 
377 314 23 372 
6199 4857 9 139 
1791 1121 10 2.57 
516 268 4 162 
1412 1105 7 737 
8 5 5 3 1  
627 369 7 2.52 
156 109 7 81 
I18 70 7 53 
19 7 7 28 
24 8 7 28 
1809 1786 25 1762 
5 4 7 4  
1 0 0 9 8 7 9 9  
4 0 3 8 7 4 0  
6-54 588 7 582 
9 8 7 8  
261 259 7 260 
531 534 7 536 
80 18 7 19 

57 
88 
15 
76 
301 
238 
86 
23 
37 1 
266 
216 
127 
528 
14 
93 
35 
13 
11 
6 

1754 
2 
99 
39 
567 
8 
260 
531 
19 
1.01 

13 
69 
12 
16 
325 
230 
186 
56 

1019 
195 
1 OR 
405 
38 
32 1 
108 
84 
32 
41 
28 
3 
1 

41 
I 
2 
4 
1 

0.98 

7 - 

7 - 

72 
331 
1 30 
65 
1439 
1352 
660 
415 
379 
5391 
1083 
406 

132 
1210 
430 
328 
103 
144 
1836 
I5 
103 
45 
709 
1 1  
268 
552 
82 

1 ns 

27 
74 
1 
5 
5 

100 
8 
6 
370 
48 
30 
53 
422 

48 
I5 
3 
3 
3 
1690 

1 
97 
37 
536 

256 
528 
77 

7 - 

a 

244 
23 1 
171 
89 
219 
1 74 
98 
1 02 
222 
% 
71 
36 
88 
43 
88 
88 
86 
35 
53 
194 
88 
88 
88 
88 
88 
88 
88 
88 

39 
98 
92 
14 
172 
86 
62 
38 
312 
164 
114 
248 
594 
16 
119 
54 
18 
12 
14 
1757 
2 
98 
39 
-569 
8 
258 
534 
79 

32 
88 
47 
1 1  
125 
66 
54 
21 
37 1 
109 
103 
143 
5 14 
5 
89 
33 
11 
7 
8 

1755 
2 
98 
39 
-56 1 
8 
258 
534 
79 

4.13 0.63 83 1.15 1.01 

17 
27 
157 
1 1  
171 
66 
56 
51 
1 
154 
65 
286 
194 
31 
105 
49 
21 
10 
15 
13 
1 
1 
1 
32 
0 
2 
4 
1 

0.47 

70 18 620 
221 67 557 
uo5 9 377 
48 0 240 
1158 6 589 
320 3 502 
238 6 187 
284 10 93 
374 370 219 
686 I5 210 
f40 29 125 
1138 56 50 
1270 370 279 
160 3 84 
609 47 279 
257 11 279 
124 3 259 
44 3 122 
66 3 163 

1799 1713 456 
6 1 279 
101 95 279 
41 38 279 
641 525 279 
9 7 279 
263 254 279 
543 525 266 
b1 77 279 
2.74 0.63 250 2.51 1.82 7 1.50 

C;H&& 0.10 0.10 0.01 0.12 0.09 7 0.08 0.06 0.05 0.24 0.03 88 0.08 0.06 0.W 020 0.02 219 
Mixing ratios m given in parts pa hillion by volume except for 03, CO, and CI.4 whih arc in jmts per billion by volume and fbr C q  which is m paris 

per million by volume.. The C2HzKO xatb is m puts per trillion by volurm/pasts pcr billion by vohunc. 
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Table 4. Mixing Ratios of Selected Species From the NNW Source Region" 

<2 km 2-7 km >7 km 
Species Mean Median Std. Dev. Max Min N Mean Median Std. Dev. Max Min N Mean Median Std. Dev. Max Min N 

I 55 
204 
61 
463 
940 
447 
505 
517 
377 
543 
169 
723 
2356 
150 
756 
859 
182 
144 
247 
1843 
12 
100 
42 
552 
9 
262 
540 
80 
3.60 

54 
207 
18 
72 
597 
436 
5 14 
272 
376 
425 
1 1 1  
739 
2353 
101 
757 
804 
175 
130 
213 
1841 
12 
100 
42 
553 
9 
262 
540 
80 
3.56 

7 
25 
136 
766 
88 1 
195 
326 
559 
2 

442 
172 
395 
407 
180 
166 
310 
50 
71 
130 
17 
2 
1 
1 
17 
1 
2 
3 
1 

0.47 

67 
266 
1450 
3349 
5115 
1198 
1422 
282 1 
387 
2276 
1091 
1935 
3607 
1228 
1205 
1907 
326 
386 
681 
1897 
21 
102 
45 
589 
18 
269 
549 
82 
4.61 

36 399 
136 368 
0 297 
0 190 
12 391 
63 375 
1 160 
4 328 
374 389 
22 158 
25 124 
83 113 
1276 135 
19 134 
268 135 
194 1-35 
68 135 
20 135 
21 135 
1803 318 
6 135 
98 135 
40 135 
518 135 
9 135 
257 135 
530 135 
78 135 
2.80 117 

62 
145 
33 
51 
397 
189 
293 
403 
374 
440 
208 
292 
1670 
38 
398 
446 
76 
60 
107 
1806 
8 
99 
40 
552 
9 
260 
537 
79 
2.54 

60 
126 
10 
27 
260 
120 
193 
42 
3 74 
397 
138 
138 
1646 
15 
304 
413 
52 
52 
95 
1802 
7 
99 
40 
541 
9 
260 
538 
79 
2.37 

17 
46 
78 
63 
397 
229 
229 
1038 
1.6 
308 
139 
400 
411 
59 
211 
I99 
61 
35 
62 
22 
3 
1 
1 
21 
1 

4 
1 

0.56 

206 48 491 131 
420 74 443 103 
465 0 402 56 
664 1 402 23 
3341 10 492 585 
2028 49 452 456 
998 89 229 116 
6989 7 398 31 
380 370 466 372 
1058 30 210 96 
597 28 180 76 
1877 50 44 160 
2813 641 216 882 
318 3 179 S 
1098 117 216 179 
1115 96 216 149 
308 3 216 19 
189 8 216 7 
344 14 214 14 
1875 1750 438 1761 
18 2 216 2 
103 90 216 95 
43 38 216 38 
618 514 216 544 
1 1  8 216 9 
266 245 216 253 
550 518 216 530 
82 75 216 78 

151 
105 
55 
23 
782 
543 
124 
24 
372 
YO 
75 
176 
916 
5 
164 
133 
21 
6 
12 
1760 
2 
96 
38 
545 
9 
255 
532 
77 

53 
9 
28 
13 
390 
349 
28 
17 
0.9 
59 
26 
42 
175 
2 
34 
60 
7 

4 
1 1  
1 

1 
12 
0 
5 
8 
1 

0.25 

, 

7 - 

208 59 25 
118 88 25 
97 22 17 
40 5 17 
1230 88 24 
1099 41 25 
151 80 16 
70 12 18 
373 371 19 
201 22 10 
109 45 4 
188 99 4 
1076 597 14 
8 3 8  
238 138 14 
232 71 14 
25 7 8 
12 4 14 
23 7 14 
1779 1744 25 
4 1 14 
97 92 14 
39 36 14 
559 523 14 
9 8 14 
258 244 14 
537 517 14 
79 76 14 
2.19 1.44 14 G H K O  4.02 1.00 172 1.72 1.62 

C;H&H, 0.35 0.36 0.07 0.53 0.15 135 0.26 0.25 0.07 0.49 0.12 217 0.16 0.15 0.04 0.22 0.12 14 
aMixing ratios are given in parts per trillion by volume except for 03, CO, and CH, which are in parts per billion by volume and for CO, which is in parts 

per million by volume. The C2Hz/C0 ratio is in parts per trillion by volume/parts per billion by volume. 

Table 5. Mixing Ratios of Selected Species From the WSW Source Region' 

2-7 km >7 km 
Species Mean Median Std. Dev. Max Min N Mean Median Std. Dev. Max Min N 

64 
110 
44 
45 
3 22 
210 
187 
72 
3 72 
415 
170 
262 

17 
21 1 
110 
31 
1 1  
19 
1767 
3 
98 
39 
568 
8 
259 
535 
79 
1.88 

a24 

65 
108 
51 
43 
235 
131 
187 
26 
372 
255 
195 
189 
893 
14 
190 
120 
24 
1 1  
20 
1771 
3 
98 
39 
566 
8 
259 
535 
79 
1.82 

10 
17 
31 
19 
349 
312 
63 
88 
1 

3 14 
70 
272 
191 
1 1  
108 
54 
23 
5 
9 
13 
1 
1 
1 
19 
0 
2 
4 
1 

0.63 

91 
175 
119 
83 
2257 
1987 
34 1 
298 
373 
1091 
286 
1166 
1242 
50 
602 
202 
107 
23 
36 
1794 
6 
101 
41 
62 1 
9 
263 
543 
87 
4.49 

29 
78 
7 
10 
5 
33 
78 
10 
371 
94 
25 
56 
45 1 
3 
81 
19 
7 
3 
3 

1726 
2 
96 
37 
538 
8 
255 
527 
77 
0.98 

145 
136 
60 
52 
140 
128 
67 
26 
131 
60 
47 
16 
56 
33 
56 
56 
56 
49 
51 
136 
56 
56 
56 
56 
55 
56 
56 
56 
- -  57 

62 
134 
93 
19 
297 
121 
268 
51 
372 
205 
120 
266 
80 1 
41 
29 1 
93 
46 
16 
21 
1771 
3 
98 
39 
595 
8 
258 
534 
79 
1.95 

66 
121 
82 
24 
245 
100 
181 
28 
372 
193 
98 
218 
73 1 
26 
208 
77 
30 
13 
14 
1772 
2 
98 
39 
588 
8 
257 
534 
79 
1.59 

15 
48 
55 
21 
21 1 
83 
186 
100 

125 
91 
188 
294 
38 
219 
63 
43 
1 1  
18 
19 
2 
2 

29 
0.45 
2 
3 
1 

0.80 

7 - 

7 - 

1 20 
281 
285 
149 
1138 
762 
699 
569 
376 
589 
540 
729 
1569 
129 
930 
259 
179 
41 
65 
1831 
12 
101 
41 
668 
10 
264 
544 
81 
3.81 

26 
70 
9 
2 
3 
25 
44 
7 
369 
22 
25 
54 
295 

47 
12 
3 
3 
3 

1694 
0 
87 
31 
M3 
8 
253 
527 
73 
0.67 

3 

625 
556 
445 
358 
619 
518 
246 
151 
521 
215 
141 
59 
260 
140 
260 
260 
223 
166 
203 
482 
260 
260 
260 
260 
260 
260 
258 
260 
229 

0.21 0.03 260 
"Mixing rJtm are given in parts per trillion by volume except for 0,. CO, and CH4 which are in paris per billion by volume and for C 0 2  which is in parts 

C;Hi/C2& 0.13 0.13 0.04 0.21 0.04 56 0.10 0.10 0.04 

per million by volume. The C2H2/C0 ratio is in parts per trillion by volume/parts per billion by volume. 
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Figrrrr 4. Vemcal distributions of selected species in air masses originating in the Central source region. 

plume [Nu et 01.. 20031. These comparisons for polluted 
regions around the world suggest that the Shangha~ plume is 
fairly representative of the magnitude of pollutants bekg 
transported from these large population centers. 

[21] In the boundary layer outflow of the central region, 

(2 _> 0.86). CO and C2Hz were also correlated with C2C4 
(3 = 0.77 and 0.96, respectively) and with CH3CI (8 = 0.81 
and 0.90, respectively). These results indicate that the 
outflow contained a complex mixture of fiesh and processed 
emissions from combustion, industxial activities, and bio- 
mass/biofuel buming. This makes it difficult to distinguish 

CO W ~ S  StXmgIy correlated with C2H2, C&, and C& 

between fossil fuel and biofitel emissions. The strong coxre- 
lations, particularly with C2H2, were dominated by the 
emissions sampled directly fiom the Shanghai plume. Addi- 
tional tracers have been identified which can specifically 
distinguish between Chinese (halon-12 11) and Japanese/ 
Korean (CH3Br) emissions [ B h h  et uL, 2003 . Correlations 

were stronger than the correlations with CH3Br (8 = 0.67- 
0.76). As expected, these results suggesta stronger influence 
kom Chinese sources in the boundary layer. 
[z] Above the boundary layer, miXing ratios of most 

species were decreased significantly. The median CO and 

between CO, C2H2, and C3& with H-1211 ( I ~0.72-0.93) 
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Figure 5. Vertical distributions of selected species in air masses originating in the Coastal source 
region. 

NMHC mixing ratios were at least a factor of 2-3 lower in 
the middle altitudes compared to the boundary layer but 
they were still enhanced substantially above background 
levels. The hydrocarbon ratios were lower due to a lack of 
recent emission inputs and additional air mass processing 
and dilution. Correlations of CO and CzH2 with CH3Cl (2 = 
0.83 and 0.58, respectively) indicate an influence from 
combustion and, in particular, biomasshiofuel burning 
emissions in the middle altitudes. 

5.2. Coastal 
[23] The middle altitudes of the coastal region only reflect 

data collected at 2-4 km while observations were available 

for the other four regions from 2 to 7 km. Air masses in the 
coastal region had short transport distances to the western 
Pacific and apparently underwent minimal vertical uplifting. 
Aside from the differences in the air mass transport patterns 
and the strong dust influence in the ceneal region [Jordan et 
al., 20031, the chemistry of the central and coastal regions 
was essentially the same. The composition of the boundary 
layer in these two regions was directly influenced by recent 
emissions fiom anthropogenic activities in East Asia. Mix- 
ing ratios of CO, NMHCs, (?$&, and CH3CI were at least a 
factor of 3 higher than background (Figure 5 ,  Table 2). 
Furthermore. 03, PAN, NO,, " 0 3 ,  H202. and CH300H 
were enhanced, suggestive of relatively recent photochem- 
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ical processing. This is supported by the smong correlation 
of CO and C2H2 with PAN (2 - 0.85). Recent (-1 day old) 
combustion inputs were present in the boundary layer 
outflow (CIH2/C0 - 5 and C ~ H $ C Z H ~  N 0.5) along with 
extensively processed air. CO1 and C& were also enhanced 
in the byndary layer, and they were correlated with CO and 
CzH2 (r > 0.8) suggesting an anthropogenic rather than 
biogenic source. In ad&tion C02 and C& were correlated 
with combustion species (& > 0.6) in the altitude ranges 
where outflow occulTed in the other four source regions. 
Va-v et al. [2003] analyzed eleven pollution plumes with 
C02 > 380 ppmv and CO > 250 ppbv and concluded that 
anthropogenic sources were responsible for the enhance- 
ments followed by frontal lifting associated with mid- 
latitude cyclones. 

[24] In the middle aitirudes, species mixing ratios 
decreased substantially, similar to those fiom the central 
region. Species, such as CO, CzH,5. C& CzCL, and 
CH3Cl, were a factor of 2 or 3 lower compared to their 
maximum mixing ratios in the boundary layer. 0 3 ,  PAN, 
and H302 exhibrted enhancements again showing signifi- 
cant photochemical processing. CO and CzH2 were well 
correlated with industnal tracer species, such as C 2 0 4  (2 > 
0.91 below 2 km and 3 - 0.7 above 2 km). As found in the 
central region, CO and C2H2 were strongly correlated with 
CH3CI (9 2 0.87) m both altitude ranges. 4 levels are 
often high in air masses containing aged biomass emissions 
[Tang et al., 20031. Biomasdbiofbel burning may therefore 
explain the enhanced Os (-80 ppbv) observed in the 
boundary layer. Also, a combination of emissions hnn 
both Chinese and JapaneseIKorean sources appear to be 
important as indicated by the strong correlations of CO, 
C2H2. C & ,  and C3Hs with both H-1211 and CH3Br (2 > 
0.78) in the boundary layer. 

53. SontbeZ9t 
[15] The SE region was characterized by two principal 

outflow regions. -3 and 10 lan (Figure 6). The outflow 
plume at 10 km altitude was especially impressive, with 
mixing ratios of CO exceeding 200 ppbv. C2H, above 
IO00 pptv, and enhanced hydrocubon ratios (qH2/C0  N 3 
and C3HB/C2& - 0.2) (Table 3). Both outflow plumes had 

CH3CC13, and CCl+ In the high-altitude outflow, water- 
soluble species, such as HN03, HzQ,  and CH@OH, were 
not enhanced. In air masses that have recently been influ- 
enced by wet convection, the CH300Hkf& ratio is usually 
>1 due to the greater solubility of H2Q which is preferen- 
tially scavenged by precipitation {Heikes, 19921. At high 
altitude, the CH300H/Hz@ ratio was > I ,  suggesting that 
wet convection lifted the emis-sions h m  the d a c e .  This is 
consistent with the results fiom Liu et al. [20033 who 
suggested that the La Nina conditions during spring 2001 
resulted in more frequent and stronger convection in SE 
Asia. This could be responsible for outflow of biomass 
burning emissions at high altitude. Fuelberg et al. [2003] 
also discuss the La Nina conditions during spring 2001 and 
its impact on transport patterns. 0 3  had a wide range of 
mixing ratios varying h m  20 to 70 ppbv at all altitudes. 
The enhanced 0 3  mixing ratios at high altitude may be 
attributed to photochemical pro<lllction fkom the uplifted 
biomass burning emissions. Extensively processed air 

enhancemenoj in CO, S@, NO, NMHCS, CH3CI, C2Cl.4. 

masses containing background air with low hydrocarbon 
ratios were also encountered above 2 km. 

[26] The highest mixing ratios of H-02 and CH300H 
originated from the SE source region at altitudes of up to 
-3 km. The median mixing ratios of H202 and CH300H 
m the boundary layer were a factor of 4- 15 larger than 
the medians in the other three some regions that had 
boundary layer data (i.e., central, coastal, NNW). Areas 
affected by significant biomass burning outflow, such as 
over the South Atlantic, have been found to contain 
considerably enhanced mixing ratios of H202 and 
CH300H due to efficient photochemical production 
[Talbot et aL, 1996b; H e i k  et ai!, 19961. Mixing ratios 

outflow, but NO was not enhanced presumably due to 
conversion to other reactive nitrogen species. This mdi- 
cates that combustion was a significant source of reactive 
nitrogen in the Asian outflow. 

1271 An anthropogenic influence was apparent in d l  three 
altitude ranges, with the strongest correlations found in the 
middle altitudes where CO was highly correlated with 
C2H2, C2H6 CzQ, and CH3Cl (? 2 0.89). CH3Cl has 
also been found to have an oceanic source [ K h l i l  et al., 
1999) which may have made a minor con t r i i on  to the 
enhancements observed in the SE, central, and COBstal 
regions. However, the correlations with the ccunbustion 
species in these regions argue strongly h r  an anthropogenic 
som of CH3Cl. Furthemore. biomass buming has been 
foundtobealargersourceofCH3CIthantheoceanELobert 
et aL, 1999; G o l i l  et PI., 19993. HCN bas also been 
proposed to be a good tracer of biomass burning [Singh et 
al., 2003; Li et aL, 20031. correlations of CH3CI. CO, 
C2&, and C2H2 with HCN (2 2 0.7) are relatively strong 
providing further evidence of a signifxant impact fiom 
biomass burning in the SE region. Furtfiennore, it is likely 
that biomass burning made a large amtribhon because 
spring is the dry season in Asia and extensive biomass 
burning occurs at this time of year in India and SE Asia 
[e.g.. Bey et aL, 2001; B h k  et al.. 19973. Several ampan- 
ion papers have also found evidence of substantial biomass 
burning emissions being transported frmn SE Asia. For 
instance, Heold et al. [2003] concluded that biomass 
burning was responsible for approximately 30% of the 
CO emissions south of 30"N. Carmichael et al. [2003a] 
also found that biomass burning emissions were transpod 
from SE Asia above 2 km and below 30%. 

5.4. Nortb-Northwest 
[ze] The vertical distributions for the NNW region show 

that outnow o c c d  at several altitudes between 2 and 
8 km with several species exhibiting a general decreasing 
trend with altitude (Figure 7). Mixing ratios of CO. C z a ,  
and NMHCs decreased by factors of 3-4 from the 
boundary layer to the upper troposphere (Table 4). NO 
was enhanced (465 pptv) at -7.5 km with coincident 
enhancements in several species, such as CO, C2&, CzH2. 
CH3Cl, and CtCL, suggesting that recent surface emis- 
sions were lifted to tbis altitude. The composition of the 
upper troposphere of the NNW region was influenced by a 
mixture of stratospheric and surfkce level air- O3 and CO 
were both enhanced with mixing ratios of -100 ppbv and 
higher. Also, the air masses were freshest at low altitude, 

Of NO?, PAN, and "03 W- enhanced in the 3 km 
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Figure 6. Vertical distributions of selected species in air masses originating in the Southeast source 
region. 

and the relative age generally increased with altitude 
reflecting both stratospheric and aged surface emissions at 
the highest altitudes. 

[29] Aged and diluted industrial and biomasdbiofuel 
burning emissions were mixed with recent combustion 
emissions in the boundary layer. CO was weakly correlated 
with CzCI4 and CHIICl (? < 0.3) below 2 km, however, 
correlations of CO and C2H6 with C2Hz ranged from = 
0.74 to 0.97 at low and middle altitudes. Emissions from 
industrial activity impacted the middle altitudes where CO 
and C2H2 were fairly well correlated with C2CI4 (r’ = 0.68 
and 0.84, respectively). 

[30] The presence of middle and high altitude outftow in 
the NNW, SE, and WSW regions undoubtedly reflects the 
longer transport distance for air masses which allows uplift 
and entrainment of continental emissions. Furthermore, 
these air masses may contain more processed and diluted 
emissions because of the long distance ti-om source inputs. 
The relatively swong anthropogenic influence in and above 
the boundary layer of the NNW region may be from the 
uplift of einissions ti-om the central region as the air masses 
passed over it on route to the western Pacific. Since the 
DC-8 did not sample over the Asian continent, there is really 
no way to separate these potential confounding influences 
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Figure 7. V d c a l  distributions of seleckd species in air masses originating in the North-Northwest 
source region. 

from the two source regions. However, these two regions are 
kept separate because the N N W  region trajectories originat- 
ed at a much greater distance from the westem Pacific. In 
addition, Jordan et al. [2003] demonstrated that the aerosol 
composition of the central region contained sigdicantly 
more Ca" which separates it uniquely from the NNW 
region. Another possible explanation is transport of pollution 
from Europe or western Asia However, only a small amount 
of the back trajectories in the NNW region originated over 
Europe [Fuelberg et ul., 20031. This suggests that the long- 
range transport of European emissions was not significant 

but nevertheless may have contributed to the air mass 
composition. Surface data has found evidence of a large 
CO plume from European fbssil fuel combustion that is 
advected eastward over Siberia in the spring [Roakmann et 
al., 19991. Also, sllrface level data fiom the NOAA/CMDL 
sites in eastern Europe have found maximum CO mixing 
ratios to occur in the late winterlsphg [e.g., Novelli et aZ., 
19981. Previous work in the western Pacific has found 
evidence of a European pollution signal in Asian continental 
outflow. For example, the transport of European emissions to 
the westem Pacific was a possible cause of high-altitude 
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Figure 8. Vertical distributions of selected species in air masses originating in the West-Southwest 
source region. 

species enhancements in the continental north group during 
PEM-West B [Talbot et al., 19971. In addition, anthropo- 
genic emissions from Europe have been found to contribute 
significantly to Asian outflow at latitudes north of 40% [Bey 
et al., 20011. However, any European influence south of 
40% indicated by 3-D simulations of CO mixing ratios 
was undetectable due to the strong Asian pollution signal 
[Liu et al., 20031. 

5.5. West-Southwest 
[?I] The WSW region only exhibited continental outflow 

in the middle and upper altitudes. The vertical distributions 

in the WSW and SE regions were similar in that significant 
outflow was present at high altitude (Figure 8, Table 5).  
Outflow f?om the WSW region occurred between 8 and 
10 lan. The CH@OH/H20-, ratio was occasionally > I  in the 
outflow suggesting that some of the surface emissions may 
have been lifted by wet convection. Also, the lifting of 
emissions by inidlatitude cyclones and their associated 
f?onts appears to have been important for exporting emis- 
sions from the WSW region. This was the dominant 
transport pathway during TRACE-P [Liu et al., 20031. 
Furthermore, the CzH-,/CO (>3) and C3H$C?H6 (-0.2) 
ratios were enhanced above 7 km indicating that the outflow 
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contained relatively recent combustion inputs. As found in 
the SE regon, background miXing ratios of several species, 
such as CO, 03. C&, CzHz, C3H8, c2Cl.1, and CH3C1, 
were also present intermittently in both the middle and 
upper troposphere indicating that substantial atmospheric 
processing had occurred. The similarities between the air 
mass composition in the WSW and SE regions may be a 
result of convective uplift of emissions from the SE region 
where they became enaained in the WSW region outflow. 

[E] A striking feahue of the WSW region is that both NO 
and CHsCl mixing ratios increased with altitude. The high- 
est mixing ratios of NO were observed between 11 and 
12 lcm, possibly h stratosphaic inputs, lightning, or 
aircraft exhaust. Mixing ratios of 0, (120 ppbv) and CO 
(-200 ppbv) were also enhanced around 10 km implying 
b t  these high-aitihxk air parcels contained a mture of 
stratospheric and polluted air. Talbot et al. [2003] found that 
relationships between NO,, 03. and ” 0 3  suggest a 
stratospheric source was responsible for enhanced NO, in 
the upper troposphere. These results are consistent with data 
collected during the CARIBIC aircraft campaign that stud- 
ied air masses at 10-11 km between Germany and the 
Indian Ocean [Znhn et ol., 20021. This study area includes a 
portion of the WSW region. The CARIBlC study found that 
stratospheric inputs and photochemical production contrib- 
uted equally to 0 3  levels in the spring at middle latitudes. In 
con- photochemical production was responsible h r  the 
majority of the highaltitude 4, with shatosphaic inputs 
having a minimal influence, in the tropics [&hn et al., 
20021. This supports that both stratosphaic and continental 
air was present in the uppertqmphen ofthe WSW region 
and provides evidence tbat there arc differeaces in the 
chemistq of the WSW and SE regions. 

[3f] KO and CH3Cl were poorly correlated (? < 0.1) 
above 7 lan suggesting that biomass burning emissions 
were not responsible for the enhanced NO. Liu et 01. 
[2003] concluded that CO emissions from African biomass 
burning were not detectable in air masses h m  the WSW 
region because any signal would be masked by the signif- 
icant Asian pollution sources. Vertical lifting of emissions 
fkom the SE region is the most likely explanation for the 
enhanced CH&l in the upper troposphere. However, an 
African contribution cannot be completely ruled out 
because a significant amount of the 5-day back trajectories 
in the WSW region originated over Africa Also, biomass 
burning emissions fiom Aiiica have been shown to make a 
major contriiution to Asian outflow at low latitudes and in 
the middle and upper t q m s p k e  [Bey et ol., 20011, and 
sources in the Middle East may have contributed to hgh- 
altitude outflow during PEM-West B [Elbor et a l ,  19971. 

[34] Recently injected anthropogak emissions had a 
minimal influence on the composition of the middle tropo- 
sphere in the WSW region. These air masses were aged 
several days and lacked strong correlations between key 
tracer species. C2C4 mixing ratios were enhanced -9 km 
(-12 ppy), however, it was poorly correlated with CO and 
C2H2 (r < 0.4 at middle and high altitudes) which is 
indicative of aged industrial emissions. Similar to the SE 
region, the high altitude outflow contained combustion and 
biomasshiofbel burning emissions as indicated by correla- 
t ion~ of CO, C2H2, and CZH6 with CH3Cl(? - 0.62-0.71). 
Furthermore, CzHl and C2H6 were moderately correlated 

with the biomass burning tracer. HCN (2 = 0.78 and 0.74, 
respectively). Among the high altitudes of the WSW, NNW, 
and SE regions. the highest mean and median mixing ratios 

were in air masses from the WSW region. Except for S02, 
these species are all characteristic of biomass burning. 
According to Streets et 01. [2003], India is the second 
largest Asian source of S@,  with power g e n d m  and 
industry being the largest sectors, and thus is a possible 
source of the enhanced SO2. Similar results were found by 
the WDOEX campaign in 1999. Examination of air masses 
fiom India and SE Asia also found a minor wntri%utim 
fiom industrial sources (low C2Cb and CH3CCb) and an 
important influence in the free troposphere iium biomass 
burning sources [Scheeren et al., 20021. 

of CO, C&, C2H2, C6HG CH;Cl, SOz, PAN, and H202 

6. Comparison With PEM-West B 
[35] The TRACE-P and PEM-West B missions both 

occurred in late winter and spring but were conducted seven 
years apart. Fuelberg et al. E20031 concluded that the 
meteorological scenarios during the two missions were 
fairly similar: therefore meteorology most likely had a 
minimal influence on any variations in the eoposphetic 
chemistry. Differences in the timing and design of the 
missions must also be considered. TRACE-P began later 
m February and lasted for a longer period of time than 
PEM-West B. As a result. the chemical composition may be 
influenced more by the characteristics of the springtime 
troposphere [Fuelberg et ol., 20033. Furrhennore, Dibb et 
01. [2003] suggest titat the direct sampling of umtiuentd 
outflow, specifically near the Yellow Sea and the coast of 
China, during TRACE-P is a significant factor explaining 
different chemical and aerosol dimiutions between tk two 
missions. This area was not probed during PEM-West B, 
and it clearly is a region heavily polluted by continental 
outflow. 

[M] The three altitude ranges used in this paper are $le 
same ranges used to characterize . OMOW dun‘ng PEM-West 
B, thus allowing the vertical distributions to be ComPIped 
Talbot et oL [1997] separated the data at 70% latitude into 
continental north and continental south pups. The NNW, 
central, coastal, and WSW regions are located at more 
northern latitudes and can thus be compared with the 
continental north group, and the SE and continental south 
regions can also be compared more or less directly. The 
median, maximum. and minimurn mixing ratios of selected 
species are compared for the two missions in Tables 6-8. 
The “All” column represents all data from Flights 6- 17 of 
TRACE-P, including data collected during s p h l  mamu- 
vers. The WSW region is not included in the <2 km table 
(Table 6) because no boundary layer outflow was sampled 
The central and coastal regions are not included m the >7 lan 
table (Table 8) because they did not have high-altitude 
outtlow due to their proximity to the flight paths. 

6.1. Northern Regions 
[v] The most striking difference between the two mis- 

sions is that in all &ree altitude ranges the median O3 
mixing ratios were generally -10-20 ppbv higher during 
TRACE-P. Although the seas~nal timing of the two mis- 
sions was fairly similar, TRACE-P did extend two w& 
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Table 6. Comparison of Mixing Ratios for Selected Species From 
the TRACE-P and PEM-West B Missions for Data <2 km" 

PEM PEM 
West West 

All Central Coastal NNW B-North SE B-South 
O3 Median 53 64 43 54 42 40 41 

Max 138 1.38 83 67 144 43 76 
Min 15 41 15 36 34 27 16 

CO Median 201 263 166 207 186 205 187 
Max 1113 1113 586 266 623 2-9 260 
Min 99 135 124 136 145 I57 I25 

C2H2 Median 643 860 384 757 792 456 464 
Max 10403 10403 3264 1205 3356 627 835 
Min 122 308 125 268 463 369 176 

C&, Median 2079 2540 1353 2353 2294 1155 1053 
Max 4888 4888 3598 3607 4323 1412 I528 
Min 661 1396 669 1276 1582 1105 655 

SO2 Median 348 2621 48 272 104 20 68 
Max 30736 30736 1554 2821 29770 45 2290 
Min 4 353 4 4 26 7 52 

C2Cb Median 11 12 8 12 20 5 7.6 
Max 123 123 32 21 50 5 13 
Min 3 8 3 6 9  4 5.4 

%e AU column refers to all data from Flights 6- 17. Units a~ in ppw 
except for O3 and CO which are in ppbv. 

Table 7. Comparison of Mixing Ratios for Selected Species From 
the TRACE-P and PEM-West B Missions for Data Between 2 and 
7 km" 

PEM PEM 
West West 

All Central Coastal "W WSW B-North SE B-South 
O3 Median 59 61 60 60 65 45 57 56 

Max 206 76 69 206 91 69 72 66 
Min 19 47 43 48 29 23 27 16 

CO Median 122 135 132 126 108 138 88 88 
Max 530 219 272 420 175 300 331 203 
Min 70 104 107 74 78 72 74 81 

GH,  Median 252 313 255 304 190 471 93 65 
Max 2233 645 908 1098 602 1481 1210 847 
Min 46 209 181 117 81 28 48 50 

CzHa Median 1078 1334 929 1646 893 1614 528 555 
Max 3441 1968 1974 2813 1242 3771 1775 1601 
Min 401 1125 793 641 451 469 422 468 

SO2 Median38 65 21 42 26 22 23 12 
Max 6989 284 120 6989 298 1432 415 26 
Min 5 10 10 7 10 5 6 12 

GCI, Median4 6 5 7 3 13 2 5 
Max 115 10 11 18 6 27 16 8 
M i n 1  4 3 2 2 3 . 4 1  4 

The All column refers to all data fmm Flights 6- 17. Units are in pptv 
except for O3 and CO which are in ppbv. 

papers found that this seasonal difference could-be an 
important factor explaining the observed trace gas distribu- 
tions during TRACE-P coinpared with PEM-West B [e.g., 
Blake et al., 2003; D. D. Davis et al., Trends western North- 
Pacific ozone photochemistry as defined by observations 
from NASA's PEM-West B [1994] and TRACE-P [3001] 
field studies, submitted to Journal of Geophysical Research, 
20031. 

[38] Another noticeable difference between the two 
missions was the approximate factor of 2 lower mixing 
ratios of C2C4 during TRACE-P. This is likely a reflection 
of reduced emissions of industrial species, such as C2C14, 
CH3CC13, and CCb, in Asia [Blake et al., 20031. CO 
mixing ratios were somewhat higher during TRACE-P at 
both low and high altitude. In the middle troposphere, CO 
mixing ratios were fairly similar particularly when com- 
paring the heavily polluted central and coastal regions with 
the continental north group. At low and middle altitudes, 
C2H2 and C2H6 were generally lower during TRACE-P 
than they were during PEM-West B possibly because of 
increased OH oxidation in the spring or better emission 
controls in East Asia [Streets et al., 20031. The only 
exception is the central group in which C2H2 and C2H6 
had higher median and inaxllnuin mixing ratios in the 
boundary layer due to the Shanghai plume. The median 
SO2 mixing ratios were significantly larger in the low and 
middle altitudes of the "All," central, and NNW groups 
during TRACE-P. This result is unexpected given that 
Streets et ai. [2003] estimated a 17.2% reduction in SOz 
emissions during 1994-2001 in East Asia. The fact that 
the higher median SO-, mixing ratios were in the central 
and "W regions may be evidence of the importance of 
the extensive sampling over the Yellow Sea during 
TRACE-P as explained by Dibb et al. [2003]. Also, China 
still dominates Asian sulfur emissions [Streets et al., 20031 
which inay be a factor. Furthermore, ground based data 

6.2. Southern Regions 
[w] A similarity between both missions is that mixing 

ratios for the six species used in this comparison were 
generally lower in the SE and continental south groups than 
in the northern TRACE-P regions and the continental north 
group. This is likely a result ofthe industrial cities and strong 
westerly outflow north of 20"N. In contrast to the northern 
groups, the median 0 3  mixing ratios in the SE and continental 
south groups were remarkably similar in all altitude ranges. 
CO deinonstrated the same trend as in the northern groups, 
with larger mixing ratios at low and high altitude during 
TRACE-P and with similar mixing ratios at middle altitudes. 

Table 8. Comparison of Mixing Ratios for Selected Species From 
the TRACE-P and PEM-West B Missions for Data >7 Ian" 

PEM PEM 
West West 

AU "W WSW B-North SE B-South 

4 Median 53 151 66 51 32 35 

Min 18 59 26 25 18 21 
CO Median 102 105 121 94 88 81 

Max 341 118 281 316 223 111 
Mm 63 88 70 62 67 57 

67 
Max 1132 238 930 1513 609 274 
Min 47 138 47 35 47 16 

C2H6 Median 631 916 731 672 514 543 
Max 1911 1076 1569 2463 1270 912 
Min 295 597 295 439 370 280 

SOz Median 24 24 28 22 21 23 
Max 569 70 569 62 284 57 
Min 7 12 7 5 10 5 

4.1 C2C14 Median 2 2 
12 62 6 7.9 Max 12 4 

Min 0 1 0 5 1 1.4 

Max 208 208 120 119 70 69 

C2H2 Median 146 164 208 131 89 

7 - 22 2 

T h e  AI1 column refers to all data &om Flights 6- 17. Units are in pptv 
except for O3 and CO which are in ppbv. 



RUSSO ET AL.: CHEhKAL COMPOSITION OF ASIAN OUTFLOW GTE 25 - 17 

Table 9. Comparison of Species Ratios for the Five TRACE-P Source Regions and the 2000 
Asian Emissions Summary 

Loodion C O K O ~  Co/CH, NOJSOZ C ~ H & ~ H S  
Emissions Summaw 

china 0.048 1.8 0.8 2.1 
Other East Asia 0.014 2 2  2.7 1.3 

Japan 0.009 3.7 3.8 1.1 
Rep. of Korea 0.01 1 1.1 2.2 1.1 

SE Asia 0.061 1.9 1.7 3.8 
South Asia 0.054 1.1 1.1 2.7 

lndia 0.053 1.1 1.1 2.6 

ANOJA 
ACOIAC* ACOIACH, (% + nss AC~WACJIH. 

TR.4CE-P 
Central 0.022 1.6 0.3 2.6 
Coastal 0.017 1 -4 0.7 4.2 
SE O.Oi3 3 A 4.8 5 .2 
NNW 1.017 I A 0.5 2.8 
wsw 0.020 2.1 3.6 5.' 

In the middle troposphere, both the SE and continental south 
groups had a median CO value of 88 ppbv. C2H2, C2& and 
SO2 did not exhibit any definite trends between the two 
missions. At low altitudes, C2H2 was fairly similar during the 
two missions while it appears higher in the SE group at 
middle and high altitudes. At low altitudes, SO2 was signif- 
icantly lower in the SE region compared to the continental 
south p u p .  At high altitude in the WSW and SE regions, 
instances of significantly enhanced S@ were enmunted as 
indicated by high maximum mixing ratios, but this did not 
occur in the upper troposphere during PEM-West B. C&L, 
was also lower m the SE region than in the PEM-West B 
continental south group presumably reflecting reduced emis- 
sions of industrial species 

7. Comparison of Source Regions 
With Emissions Summary 

[jo] In order to gain insight on how well the 2000 Asian 
anthrvpogenic emissions summary developed by Streets et 
al. [2003] represented the Asian continent and how repre- 
sentatively the DC-8 sampled Asian outflow, emission 
ratios were compared with species ratios from each of the 
five source regions identified and chamckrm . d i n t h i s  
paper. The ACO/AC02, ACO/ACH4, AC2wAC3H8, 
and ANOJA(SO2 + nss-SO4) ratios for each of the five 
source regions were compared with the ratios fiom the 
emissions summary. The A refers to the difference between 
the measured and backgroutxi mixing ratios and represents 
the impact finm Asian emissions. The emissions sullllllltry 
provides data for NO, and S02, so the NO,/S02 ratio was 
compared with the observed ANOJA(S02 + nss-S04) 
ratio. This latter ratio accounts for conversion of primary 
nitrogen and sulfur species present in the atmosphere after 
emission from various sources. Here nss-S04 represents 
non-sea-salt sulfate as presented by Dibb et al. [2003]. 

[41] The total anthropogenic emissions data was used 
from the emissions inventory. The median mixing ratios 
of all the data for each species in the five TRACE-P source 
regions were used in the calculations. Background mixing 
ratios were detennined !+om Flight 5 as discussed previ- 
ously in this paper. The background mixing ratios used 
were: CO = 70 ppbv, C02 = 370 ppmv, C& = 1750 ppbv, 

c2&j = 420 Ptv,  C & 3  = 15 ppW, so2 -I- nSS-Soj 50 m, 
and NO, = 60 pptv. These ratios only provide a rough 
comparison of the emissions summary and the TRACE-P 
data. The TRACE-P measurements were collected from 
several altitudes while the emission s u ~ l l ~ n a r y  ratios may 
be more representative of surhce measurements. TRACE-P 
ratios using only 0, km data were calcuiared and compared 
with the ratios using all the data fiom the three altitude 
ranges. There was very little d i f f i  betwew the ratios so 
we used the larger data set mmposed ofthe data b m  all three 
altitude! bins. Also, the five source regions identified in this 
paper and the regions used in the emissions inventory are not 
exactly the same. Furthemore, the emission summary rep 
resents an entire year, but the TRACE-P source regions are 
only representative of 6 weeks of data. However, Streers et al. 
[2003 J concluded that emissions during the TRACE-P period 
were near their average values. 

[a] In general, there was remarkably good agreement 
and correspondence between the ratios for our five source 
regions and the emissions summary (Table 9). All calculated 
TRACE-P ratios were generally within the same order of 
maptude as the emission summary ratios. The ACOI 
A C q  ratio for TRACE-P was -0.02 in all five source 
regions which is within the estimated range of emission 
ratios, -0.01-0.06. Both the C O / w  and ACO/ACH., 
ratios were between 1 and 4, and both the C&lC3H* and 

regions compared. Cannichael et ol. [2003b] examined 
numerous chemical species ratios using both observed and 
modeled results and found that high values of the C&/ 
C3H8 ratio (-8) are representative of biomass burning m SE 
Asia while a lower ratio value (-9) reflects biofuel mm- 
bustion. The AC2wAC3H8 values are highest in the SE 
and WSW source regions (-5.2), and the highest C 2 W  
C3H8 values &om the emissions inventory are in the SE and 
South Asia groups, which is somewhat consistent with the 
Canniche1 et al. [2003b] results The ACzWAC3Hs ratio 
value in the central and NNW regions is -2.7 which is near 
the expected value due to the higher use of fossil fuels and 
biofuels in central China. 
[o] The ACO/AC02, ACO/ACH.,, ACZWAC3H8. and 

AN0,,/A(S02 + nss-S04) ratios in the central and coastal 
regions were similar and comparable to the respective ratios 

AC&/AC3Hg ratios were between -1 and 5.2 k all 
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h m  the China region. For example, the NOJS02 ratio 
value of 0.77 for China is very comparable with the ANOJ 
A(SO2 + nss-S04) ratios of 0.30 and 0.73 for the central and 
coastal regions, respectively. These ratio values are consis- 
tent with the observed NO,/SO, values (-0.2-0.5) for 
Chinese cities from Curniichael et ul. [2003b]. The values 
are also fairly similar with the N0,/S02 ratio (-0.3 1) based 
on emission estimates of Kat0 and Akiinoto [1992]. The 
consistency of these four ratios suggests that the Asian 
emission inventory and DC-8 sampling during TRACE-P 
were fairly representative of Asian anthropogenic sources. 

8. Conclusions 
[-MI In this paper we present the chemical composition of 

Asian outflow during the NASA TRACE-P mission in 
spring 2001. Outflow from the Asian continent had a 
significant influence on the tropospheric chemical compo- 
sition over the western Pacific, and this impact extended 
into the central Pacific. The strongest outflow occurred 
between 20 and 40% latitude and at low altitudes. Recent 
combustion emissions (C2H2/C0 N 4) and enhanced spe- 
cies mixing ratios were encountered in the free troposphere 
and as far east as 150"E longitude reflecting rapid uplift and 
transport of continental emissions. 
[a] Using 5-day backward trajectories, five source 

regions of continental outflow were identified. These regions 
were central, coastal, southeast, north-northwest, and west- 
southwest Asia. Outflow from all five regions was composed 
of a complex mixture of recent and photochemically aged 
combustion, industrial, and biomasshiohel burning einis- 
sions. The outflow in each source region contained enhance- 
ments in many of the same anthropogenic species. A single 
pollution source did not dominate any of the air masses 
sampled from a specific source region. The distance of air 
mass origin from the western Pacific and the degree of 
processing in air masses influenced the vertical distribution 
and magnitude of the species enhancements. These results 
provide valuable documentation of species mixing ratios and 
the complexity of Asian continental outflow. 

[36] The outflow in each source region contained CO that 
was at least 3 times larger than background (-70 ppbv) and 
relatively recent emissions as indicated by enhanced hydro- 
carbon ratios (C?H*/CO > 3 and C3&/C2& > 0.2). As 
expected, the anthropogenic activity in East Asia had a direct 
impact on the chemical composition of air masses in the 
central and coastal regions. The highest mixing ratios for 
many species and most recent combustion emissions were 
found in the boundary layer of these two regions. CO, C2H2, 
CH3C1, and C2C14 were strongly correlated (2 - 0.6 to 0.98) 
in the central, coastal, and SE regions. Biomass burning was 
a large source of emissions in SE Asia; however, combustion 
and industrial sources were also significant. Recent com- 
bustion emissions were mixed with processed industrial and 
biomasshiohel burning emissions in the NNW region. 
Aged industrial emissions were also found in the WSW 
region and were mixed with combustion and biomass 
burning emissions in the upper troposphere. Convection or 
lifting associated with mid-latitude cyclones was most likely 
responsible for the high altitude enhancements observed in 
the SE and WSW regions. Based on the backward tmjecto- 
ries, the long-range transport of emissions from Africa, the 

Middle East, or Europe may have also made a minor 
contribution to the composition of air masses in the middle 
and upper troposphere of the NNW and WSW regions. 

[47] A comparison between the TRACE-P and PEM-West 
B missions revealed some important differences. At northern 
latitudes, O3 mixing ratios were higher during TRACE-P but 
were relatively unchanged in southern regions. At low and 
high altitude, CO was higher during TRACE-P, but it was 
quite similar in the middle troposphere. C2H2, C2H6, and SO2 
did not exhibit a definite trend between the two missions. 
C2Cl4 was lower at all altitudes during TRACE-P. The ACO! 
ACO?, ACO/ACH4, ACzHdAC3H8, and ANOJA(S02 + 
nss-SO4) ratios for each source region were compared with 
the CO/CO2, CO/C&, C2H&HB. and N0,/S02 ratios 
using data from the 2000 Asian emissions summary. The 
ratios agreed remarkably well indicating that the measure- 
ments obtained during TRACE-P and the emissions inven- 
tory were both representative of Asian emissions. 

[48] Acknowledgments. We would like to thank the NASA Dryden 
Research Center flight and ground crews for their support during TRACE-P. 
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Reactive nitrogen in Asian continental outflow over the western 
Pacific: Results from the NASA Transport and Chemical Evolution 
over the Pacific (TRACE-P) airborne mission 
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[i] We present here results for reactive nitrogen species measured aboard the NASA 
DC-8 aircraft during the Transport and Chemical Evolution over the Pacific W4CE-P)  
mission. The large-scale distributions total reactive nitrogen (NOy+- = NO f NO, + 
HN03 + PAN + CI-C5 alkyl nitrates) and 0 3  and CO were better defined in the boundary 
layer with significant degradation of the relationships as altitude increased. Typically, 
NO,,,, was enhanced over background levels of -260 pptv by 20-to-30-fold. The ratio 
C2H2/C0 had values of 1 -4 at altitudes up to 10 km and as far eastward as 150"E, 
implying significant vertical mixing of air parcels followed by rapid advection across the 
Pacific. Analysis air parcels originating from five principal Asian source regions showed 
that HN03 and PAN dominated NO,,-. Correlations of NO,,, with C,C& (urban 
tracer) were not well defined m any-of the source regions, and they were only slightly 
better with CH3Cl (biomass tracer). Air parcels over the western Pacific contained a 
complex mixture of emission sources that are not easily resolvable as shown by analysis of 
the Shanghai mega-city plume. It contained an intricate mixture of pollution emissions and 
exhibited the highest mixing ratios of NO,,, species observed during TRACE-P. 
Comparison of tropospheric chemistry between the earlier PEM-West B mission and the 
recent TRACE-P data showed that in tbe boundary layer significant increases m the 
mixing ratios ofNq,- Species have occurred, but the middle and upper troposphere 
seems to have been affected minimally by increasing emissions on the Asian continent 
over the hst 7 years. 
composition and chemistry: 0368 Atmospheric C h p s t x m  . and S ~ C % U R :  Tmpsp€~ere-cunstituent 
transport and chemistry; 0379 Atmospheric Composition and Stnrcture: Constituent sources and sinks 

Cition: Talbot, R., et at., Reactive nitrogen in Asian continental outflow over the western Pacific: Results from the NASA 
Transport and Chemical Evolution over the Pacific (TRACE-P) ahborne mission, J. Geoph?~. Res., 108(D20), 8803, 
doi:10.1029/200uwO3129,2003. 

LWH ZZMB: 0365 Atmospheric Composition and Sauchrre: Tqospherc- 

1. Introduction 
[3] The Transport and Chemical Evolution over the 

Pacific (TWiCE-P) airbome mission was conducted by 
the National Amnautics and Space Administration to better 
understand how outflow of anthropogenic emissions and 
crustal dust from the Asian continent affects the composi- 
tion of the global atmosphere. The TRACE-P flights were 
designed to determine the pathways and chemical evolution 
of trace gases and aerosols transported to and across the 
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north Pacific troposphere. TRACE-P built upon the results 
and experience h m  previous NASA missionS condllcted in 
this region in 1991 and 1994, the Pacific Exploratoxy 
Missions-West A and B, respectively [Hoell et aL, 19%, 
19971. Owing tu the rapid industrialization on the Asian 
continent during the 1990s [See& ei aL, 20031, TRACE-P 
was conducted to quantify the corresponding increase in 
emissions and their impact on tropospheric chemistry over 
the Pacific basin. The airborne mission was conducted in 
February-April 2001, the time period of the year charac- 
terized by the most significant outflow of pollutants and 
crustal dust h m  the Asian continent [Jucob et aL, 20033. 
The timing of this expedition compared to PEM-West 
presented an ideal situation to assess demdal changes in 
Asian intercontinental transport. 

[3] PEM-West A was conducted in the September- 
October 1991 time frame and demonstrated the complex 
nature of emissions over the westem Pacific. For example, 
in the lower troposphere continental outflow was e n h a n c e d  
in numerous combustion and industrial tracers but at higher 

24 - 1 
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altitudes the ratio C2Hl/CO was 4 . 5  indicating much older 
inputs, possibly from European origin [Talbot et al., 19961. 
In the upper troposphere air parcels were enhanced in C& 
but depleted in C 0 2  and COS, indicating potential biogenic 
emissions of CIc( and vegetative uptake of C02 and COS. 

[4] A much more comprehensive sampling and analysis 
of Asian outflow was conducted during PEM-West B 
(1 994) which revealed important subtle details. Backward 
5-day isentropic trajectories and atmospheric chemistry 
together indicated that there was extensive rapid outflow 
from Asian continental areas below 5 km altitude [Talbot et 
al., 1997a, 1997bJ Aged marine air was rarely encountered 
over the westem Pacific due to the strong late winter/ 
springtune continental outflow, and then it was only sam- 
pled at latitudes <20%. The outflow at low altitude had 
significant enhancements of industrial tracers such as C2C14, 
CH3CCI3, and C & ,  intermixed with the combustion prod- 
ucts CzH2, C2H6, CO, and NO. In the middle-to-upper 
troposphere, Middle Eastern and European source regions 
were implicated as possible contributors to the outflow. The 
importance of vertical convective transport was apparent, 
with subsequent removal of water-soluble species like 
HN03, SO,, and H202. The long-range transport of PAN 
in the midtroposphere with subsequent downward mixing 
and conversion to NO, was postulated to be an important 
source of reactive nitrogen to the remote Pacific boundary 
layer [Dibb et al., 19971. 

[5] The rapid industrialization on the Asian continent is 
of compelling interest to atmospheric chemistry and climate 
change. Energy use in eastern Asia has increased by 5% yr-' 
over the past decade and is expected to continue at this rate 
for several more decades [U.S. Department of Energy, 
19971. Combustion of fossil fuels is the main source of 
energy, with emissions of NO, predicted to increase nearly 
five-fold by 2020 [Van Aardeniie et al., 19991. 

[6] The suite of NASA western Pacific missions has 
observed the timedependent impact on the Northern Hemi- 
spheric tropospheric chemistry of a major industrial revo- 
lution on the Asian continent. Long-term observations from 
ground sites provide a continuous framework, but aircraft 
and satellite observations significantly augment our under- 
standing of dynainical and chemical processes affecting 
atmospheric composition over a large remote geographic 
region like the Pacific basin. TRACE-P is the most recent 
NASA mission in the Pacific Rim region, and it provided a 
detailed chemical characterization of Asian continental 
outflow and emissions. In this paper we focus specifically 
on the suite of reactive nitrogen species, which are critical in 
determining the overall photochemical mixture of chemical 
species in continental outflow over the north Pacific. This 
outflow is expected to begin to influence atmospheric 
chemistry over North America within the current decadal 
time kame [Bemsten and Karlsdottir, 1999; Jacob et a1 , 
19991. 

2. Airborne Mission 
[7] The airborne component discussed in this paper was 

conducted aboard the NASA Dryden DC-8 research aircraft. 
Transit and intensive science missions comprised 20 flights, 
with each one averaging -8 hours in duration and covering 
an altitude range of 0.3-12.5 km. The flights over the 

western Pacific, from which the data for this paper are 
drawn, were centered in the region west of 150"E longitude. 
The base of operations for these flights was kom Hong 
Kong (seven missions) and Yokota, Japan (five missions). 

[8] The overall scientific rationale and description of the 
individual aircraft missions are described in the TRACE-P 
overview paper [Jacob et al., 20031. The features of the 
large-scale meteorological regime and associated air parcel 
backward trajectory analyses for the February-March 2001 
time frame are presented by Fuelberg et al. [2003]. A 
general description of the chemical composition of the 
Asian continental outflow is in a companion paper [Russo 
et al., 20031. The focus of that paper is primarily CO, 03. 
and hydrocarbons, with minimal discussion of the NO, 
family. The purpose of this paper is to fill that gap and 
provide more detail that can be addressed in a general 
discussion of continental outflow. 

[9] We present here a broad description of the outflow 
chemistry focused on the reactive nitrogen family and refer 
to the overview paper [Jacob et al., 20031 and companion 
papers for descriptions of the various measurements. Addi- 
tionally, more specific information is included below for 
measurement details of the reactive nitrogen species. Since 
total reactive nitrogen (NO,) was not measured on the DC-8, 
we use the sum of NO, NO2, PAN, HN03, and C1 -Cs alkyl 
nitrates to represent NO, (NO,,-). Aerosol nitrate and PPN 
were not included in NO,,,, since their contribution to 
NOypum rarely exceeded 5% and 1%, respectively, and 
because in the case of nitrate its measurement time base 
( ~ 1 0  min) was substantially longer than that for gas phase 
species. In general, the agreement between NO,,,, and NO, 
measured with a gold catalytic converter is -20% for the 
suite of TRACE-P instruments and NO, mixing ratios in the 
range 100-3000 pptv [Talbot et al., 19991. 

[io] NO and NO2 were measured by the Georgia Institute 
of Technology using photofragmentation two-photon laser- 
induced fluorescence (TP-LIF) [Sandholm et al., 19901. The 
method spectroscopically detects NO, with UV laser pho- 
tolysis of NOz and subsequent detection of NO. The optical 
detection scheme involves sequentially exciting rotationally 
resolved transitions in the X'II - A 2 C  and the A 2 C  - 
D'X bands of NO using laser wavelengths centered at 726 
mn and 1.1 pn, respectively. The resulting blue shift in 
fluorescence is monitored near 190 run. Calibration utilized 
a NIST certified NO standard (+1-2%). The overall uncer- 
tainty of the measurements is estimated to be on the order of 
20-30% [Eisele et al., 20031. The sampling inlet was 
comprised of a 10 cm ID glass-coated (vapordeposited) 
intake flowing by ram force at -6 x lo3 cm s-', giving a 
residence time of 40 ms. The details of the entire system are 
described by Bradshow et al. [ 19991. 

[I]]  PAN was measured by NASA Ames Research Cen- 
ter using cryogenic preconcentration of ambient air and 
analysis of it using gas chromatography with electron 
capture detection. PAN was measured every 5 min aboard 
the DC-8 by an electron-capture gas-chromatographic tech- 
nique [Singh et al., 20011. Typically, 160 ml of ambient air 
was preconcentrated at - 140°C over a 2-inin period. PAN 
calibrations were performed by using a 2-ml diffusion tube 
filled with pure liquid PAN in an n-tridecane matrix. A 
dynamic dilution system was used to generate low-pptv 
mixing ratios of PAN. The technique has a measurement 
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sensitivity of better than I pptv PAN. Instrument precision 
and accuracy are estimated to be 110% and +25%, respec- 
tively. Intercomparison studies perfbrmed during TRACE-P 
M e r  confirmed that the reliability of the PAN measure- 
ments was within these specifications [Eisele et al., 20031. 

[E] Nitric acid was measured by the University of New 
Hampshire using the mist chamberlion chromatography 
technique [Talbot et al., 20001. Sampling was conducted 
using a high-flow manifold (3000 litas per min) that was 
glass-coated (vapor-deposited) and heated to 50°C. The 
manifold was 8 cm ID and had a diffuser configmition 
over the entrance to boost the flow/pressure and facilitate 
sampling at the high velocities (Mach 0.88) of the DC-8. 
The inlet design was nearly identical to that used for NO/ 
NO2 [3radshuw~ et al.. 19991 and O m 0 2  [Bnme et ai., 
i8383. Tkr inlet was equipped with the capabiiity to 
conduct standard additions of HN03 into the manifold 
and quantify its passing efficiency hxpently during flight. 
A permeation source was used for " 0 3  &om which the 
output was tracked using Nylon filters and a NO, chemilu- 
minescence instrument equipped with a molybdenum NO, 
converter heated to 350°C. The output of the permeation 
source was about 200 ppbv of HN03 that could be readily 
diluted to pptv levels and quantified in our manifold. Thus 
standard additions were conducted at approximately twice 
ambient HN03 mixing ratios. The precision and accuracy of 
the €€NO3 measurements are both in the range of 10-20% 
depending on the ambient mixing ratio. The time resolution 
of the ambient measurements was two minutes. Intercom- 
parisons with a chemical ionization mass spectrometer 
instrument aboard the NASA P-3 aircxafi during TRACE- 
P showed good agreement (320%) d e r  most atmospheric 
conditions [Eisele et ai., 20031. 

[n] Alkyl nitrate species were measured by the Univer- 
sity of California, b i n e  and the National Center for 
Atmospheric Research (NCAR) after collection of ambient 
air samples in Niter elempolished stainless steel canis- 
ters. A two-stage metal bellows pump was used to pressur- 
ize the canisters to 3.8 hPa. Samples were obtained every 
3-7 min during horizontal flight legs with a collection 
intend of 8 s at 150 m to 90 s at 12 km The following 
alkyl nitrates were measured in each sample: methyl nitrate 
(CH30N02), ethyl nitrate (C2H50N02), n-propyl nitrate 
(n-C3H70N02). i-propyl nitrate (i-C3HfONC)I). 2-butyl 
nitrate ( ~ C J H ~ O N O ~ ) ,  2-pentyl nitrate (2CallNO& and 
3-pentyl nitrate (3C5HIlN03). The analytical p " e s  
are detailed by Colmn et al. [2001]. The CI-CS alkyl 
nitrates wae  separated using three of the five column- 
detector combinations in the UC-Irvine laboratory. The limit 
of detection for alkyl nimtes was typically 0.02 pptv with a 
precision of *WO at mixing ratio >5 pptv and *IO% below 
5 pptv. Calibration for alkyl nitrates used regular analysis 
of whole air standards which were intercalibrated with 
synthetic air standards prepared at NCAR. A ~ l y s i s  of 
duplicate samples and standards by both laboratories agreed 
within *2%. 

3. General Trends Over the Western Pacific 
[14] To present the overall distribution of reactive nitrogen 

over the western Pacific, the entire 1 min data set for flights 
6- 17 was utilized. For species with a time response greater 

&an 1 min, duplicated values generated by the merging 
process were removed h m  the database. Data collected 
above 7 km altitude was filtered additionally to remove 
stratospheric air influences using 0 3  (>130 ppbv), CO 
((70 ppbv), and dew point temperature (<-5O"C) values 
indicatwe of stratospheric influence. However, the air 
parcels in this region often had both combustion and 
stratospheric influences superimposed, so it was impossible 
to completely remove the stratospheric component The 
&ta set we used has some higher values of O3 while the 
mixing ratios of other species such as CO were quite 
elevated. We only removed the most strongly influenced 
stratospheric cases. 

[is] The latitudinal distributions of KO,- and CO are 
presented in Figure 1, and they illushate the widespread 
mfluence of combustion emissions on atmospheric chemis- 
try over the western Pacific. The close correspondence in the 
distribution of mixing ratios of CO and NO,,, m the 
heavily polluted plumes suggests a direct source re1ationsh.q 
between combustion and reactive nitrogen species. Indeed, at 
all altitudes in the latitudinal band of 20-40 "N well-defined 
plumes contained NO,,, in excess of IO00 pptv. However, 
as shown later in this paper, outside the few large plumes the 
general correspondence between CO and NO,,, is not 
readily apparent (they are largely uncorrelated). 

[16] The relationship between NO,,, and CO is shown 
in Figure 2. The correspondence in NO,,, and CO was 
most apparent in the boundary layer and was not well 
defined at altitudes above it. Presumably this reflects 
sampling of less processed air parcels down low and the 
close proximity of major emission sources on the Asian 
continent. Even in the boundary layer the relationship 
between NO,,, and CO was strongly driven by sampling 
of heavily polluted plumes advected over the Pacific Rim 
region &om concentrated urban centers such as Shanghai 
At higher altitudes the air parcels had undergone more 
processing. and they are also likely impacted by both Asian 
and other more distant sources. For example, a European 
influence was hypothesized for altitudes 27 km over the 
western Pacific during the PEM-West B time frame [ T u b r  
et al., 1997al. However, for TRACE-P the European 
influence above 7 km appears to have been minimal based 
on Mreedimemional(3-D) model results [fiu et al., 20031. 

[n] Photochemical processing of air parcels that have 
NO,-rich hydmcarbon mixtures leads to production of a 
suite of reactive nitmgen coIIlpounds and &. Thus the 
correspondence between NO,,, and 4 is of inwest. In 
general, the conelations between NO,,, and 0 3  were 
poorly defined in the Asian outflow over the westem Pacific 
(Figure 2). As in the case of CO. the tightest relationship 
was found in the boundary layer, where it was again 
determined largely by the most heavily polluted plumes. 
In the midtroposphere the values were centered on an O3 
mixing ratio of 60 ppbv, with NO,- being as high as 
2500 pptv. Observations very similar to these reported here 
were obtained during PEM-West B, except that it was 
centered on O3 mixing ratios in the 40-50 ppbv range 
[Koike et al., 1997. Above 7 km altitude there was a weak 
linear trend in NO,,, and 0, that may be related to the 
strong linear correspondence between these species (i.e.. 
HN03 and 03) in stratospheric air [e.g., Talbot et al., 
1997bl. As stated earlier, air parcels in this region were 
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influenced coincidently by combustion and stratospheric 
sources which could not be separated adequately. Altema- 
tively, the positive correlation could have been the result of 
biomass burning emissions OCcMing in southeastern Asia 
This point is addressed further in this paper when we 
examine specific charactehlshcs of various Asian source 
regions based on analysis of air parcel backward trajectories. 
[IS] The latitudinal pattern of individual reactive nitrogen 

species over the Western Pacific is pr& in Figure 3. For 
the most part, mixing ratios of NO, were 400 pptv. 
suggesting that the simpled air parcels were aged at least 
1-2 days which allowed for tcansfonnations of it to "4. 
PAN, and other NO,,, species. The largest enhancements 
in all species occurred at 30% when the DC-8 sampled the 
Shanghai mega-city urban plume during a boumlary layer 
leg over the Yellow Sea. This plume contained mixing ratios 
of NG, "03, PAN, and alkyl nitrates of up to 3,000, 
8,000,4,300, and 225 pptv, respectively. In a later section of 
this paper we discuss the chemical composition ofthis 
plume in detail. 
[w] The v d c a l  distribution of reactive nitrogen species 

provides insight to the nature ofhir sources, and in particular 
the association of origin either on the Asian continent or from 
long-range tiansport into the western Pacific region. These 
distributions are summarized in Figure 4, where &e alkyl 
niirate species are represented as the sum of the individual 
species (i.e., sum Alkyl-ON02). Shown also is aerosol nitrate 

. .  

based on Teflon filter measurements with approximately 
10 min time resolution as d e s c r i i  by Dibb et al. f20031. 

[zo] All the gas phase reactive nitrogen species showed 
significant deviations and enbancunents well above their 
backgmund values, defined as the median of the lowest 
15% of the observed mixing ratios at a given altitude. The 
background mixing ratios exhibited little altitude depen- 
dence, and representative values were as follows: NO, 
(25 PPI ,  "03 (125 pptv). PAN (100 W), alLyt nitrates 
(7 pptv), aerosol nitrate (25 pptv), and NO,,, (257 pptv). 
The enhancements occurred at all altitudes up to the 12 km 
ceiling of the DC-8 air&. It was not uncomman for the 

corresponding background value. The greatest enhsncement 
generally occurred in the boundary layer indicating the 
predominance ofsurfdce sources in Asia on regional tropo- 
spheric chemistry. Particularly noteworthy were the alkyl 
nitrate species which exhi%itd combined increases of up to 
50 pptv at altitudes up to 8 km. The alkyl nitrate distribution 
was dominated by 2-butyl nitrate which comprised on 
average 3Wh of the sum depicted in Figure 4. In general, 
the vertical distciiutiuns indicate a strong surface source for 
NO,,,, species with a strong influence up to 10 km 
altitude. We argue later in this paper that based on C2H2/ 
CO ratios of 1-4 these enhancements reflect fairly recent 
Asian emissions rather than influence fiom long-range 
transport. 

enhanced mixing ratios to be 10-to-20-fold larger t?ian their 
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Figure 4. Vertical distribution of individual NO,, species over the western Pacific west of 150"E 
longitude. The open circles represent the mean value with one standard deviation indicated by the 
horizontal bar for two kin thick altitude bins. 

[21] The largest mixing ratios of aerosol nitrate were 
observed in the Asian coastal marine boundary layer. On 
some occasions ppbv values of aerosol nitrate were mea- 
sured that far exceeded attendant mixing ratios of HN03. 
Undoubtedly, the high levels of nitrate reflected uptake of 
HN03 by sea salt aerosols, as evidenced by coincidently 
large mixing ratios of sodium and chloride [Dibb et al., 
2003; Jordan et al., 20031. 

[22] An important consideration for interpretation of the 
TRACE-P observations is the relative processing of air 
parcels over various spatial and temporal scales. Here we 
use the ratio C2H2/C0 as a scaling factor in this regard since 
it is unaffected by physical removal processes. The ratio is 
decreased over time by chemical attack by OH (i.e., C2H2 
lifetime about 2 weeks Compared with CO of several 
months) and physical mixing processes. The distribution 
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of the values of this d o  over the western Pacific provides 
key insight into tmqnnt and mixing prouses on various 
time scales. Values >1 indicate fiirly recent emissions 
(<5 days) while ratios 4 indicate extensively processed 
air by mixing and chemical decomposition. 

[23] The vertical altitudinal ensemble of values in QHd 
CO is presented in Figure 5 along with the longitudinal 
variation. The distributions are striking; ratio values in the 
middle-to-upper troposphere mimic the boundary layer and 
also indicate transport of continent emissions across the 
Pacific. Further, the data suggest that hnta l  uplifting and 
vertical transport must be rapid and opexathg continuously 
over the Asian continent in combihation with extensive 
westerly transport of pollutants at all altitudes. The travel 
distances and timing implied by the backward trajectories 
suggest the uplifting and vertical transport must be occur- 

ring on the time scale of hours. A more detailed analysis is 
needed to better constrain these various transport rates. 
These results explain the blurred correlations between 
NO,, and CO or 4. The ContinuoUS inteamixing of air 
parcels of various ages and processing would lead direcdy 
to very complex distributions and relationships of NO,,, 
CO, and 0, over the westem Pacific, which is exactly what 
we observed. This same picture was captured by the 
observation-based climatologies developed by Emmons et 
01. [2000]. For the western Pacific the model simulations for 
the PEM-West field Campaigns showed the same v d c a l  
patterns and mixing ratios observed during TRACE-P for 
q, CO, and N a ,  but deviations were up to two-fold for 
HN03 and PAN. The model predicted ratios of PAN/NOx 
and HNo3/No, were 2-3 times higherthan observations in 
the 2-8 km altitude range, indicating the difficulty in 
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Figure 6. Geographic representation of the five principal source regions on the Asian continent 
determined fiom analysis of air parcel isentropic backward trajectories. 

estimating the degree of air mass processing and intercon- 
version of NO, species. 

[24] An important transport pattern over Asia during 
winter is bifurcation of westerly flow when it passes over 
the Tibetan Plateau. Here the northern branch forms many 
blocked anticyclones while the southern one forms many 
troughs or cut-off lows, such as the Bangladesh trough and 
other troughs in southern China. The two branches merge at 
the eastern edge of the Plateau, resulting in strong winds 
over the southern Sea of Japan, where the maximum wind 
speed can reach over 70 m s-' at 500 mb [Zhang, 19921. 
Such a dynamic system is conducive to the occurrence of 
unstable weather systems in southern China in winter. The 
associated dynamical processes help explain why the 
TRACE-P data show pollutants mixed to high altitudes 
and transported eastward rapidly to 150'E. 

4. Relationships Based on Source Region 
Apportionments 

[25] To examine the detailed relationships of NO,, 
species with source tracer species and their spatial variabil- 
ity, air parcel backward trajectories were used to establish 
the principal source region locations on the Asian continent. 
Isentropic backward trajectories were provided by Florida 
State University for TRACE-P, and a description of the 
method is provided in Fuelbeig et al. [2003]. For consis- 
tency with other TRACE-P analyses, we adopted the source 
region designations in this paper determined by Russo et al. 
{2003] and Jordan et al. [2003]. Five regions were identi- 
fied in their analyses as depicted in Figure 6. These were 
classified as follows: (1) north-northwest 0, (2) west- 
southwest (WSW), (3) southeast Asia (SE Asia), (4) coastal 
and, (5) central. The major urbadindustrial centers in China 
are located within the coastal and central source regions. 

[26] Since we have introduced the general latitudinal and 
vertical distributions of reactive nitrogen species for the 

western Pacific region, more specific source region relation- 
ships are presented here. We begin with the altitudinal 
budget of NO,,, species in air masses with backward 
trajectories from the various source regions (Figure 7). In 
the southeast and coastal groups, "03 dominated NO,,, 
in the boundary layer and midtroposphere. This was espe- 
cially true for the coastal group where €€NO3 comprised 
nearly 80?h of NOy,-. There were nearly equal contribu- 
tions kom HN03 and PAN in the other three source regions, 
with PAN favored in the NNW and WSW groups at all 
altitudes. These distributions are consistent with expect- 
ations of less PAN in warmer locations due to its thermal 
instability and more PAN at higher altitudes where it is more 
stable. The predominance of HN03 and PAN in the NO,, 
budget indicates that the majority of sampled air parcels 
were aged several days with significant photochemical 
processing over that time interval. It is not clear why NO, 
comprised 20-25% of NO,,,, in the middle to upper 
troposphere in the WSW group. This finding was quite 
different than in the other four groups where its contribution 
was ~ 1 0 % .  Possibilities include recent inputs from sources 
such as biomass burning, lightning, and stratospheric inputs 
or decreased photochemical activity (i.e., less efficient 
conversion to other NOy.- species). 

[27] Together these data mdicate that significant outflow 
of reactive nitrogen occurs at all altitudes from the Asian 
continent with much of it residing in the reservoir species 
PAN. Owing to its long lifetime in the middle and upper 
troposphere, it can subsequently carry reactive nitrogen over 
long distances and be a source of NO, to various areas of the 
Northern Hemisphere troposphere. During PEM-West B 
strong outflow in the mid-troposphere contained high levels 
of PAN, and Dibb et al. [ 19971 hypothesized that it was a 
significant source of NO, and subsequently aerosol nitrate to 
the remote marine boundary layer over the central Pacific. 

[B] To assess the regional combustion influence on the 
NO,,,, distribution over the western Pacific, correlations 
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regions. The apparent low correlation with combustion 
suggests that the NO, may be related to stratospheric inputs 
or be h r n  recycled reactive nitrogen in the upper tropo- 
sphere. However, why these SO, sources would affect only 
this region is unclear. 
[m] To check for stratospheric inputs, correlations were 

examined between NO, and H20 vapor, dew point, 03, CO, 
and H N q  in upper troposphere for the WSW p u p .  There 
was a trend of higher mixing ratios of NO, occurring 
coincidently with low mixing ratios of H20 vapor, dew 
point temperature, and CO (Figure 9). The highest mixing 
ratios of NO occurred simultanmusly with the lowest dew 
point temperature and CO values near 50 ppbv. clearly 
indicative of stratospheric air. Mixing ratios of HN03 
sporadically reached 300-800 pptv in these same air 
parcels (not shown). Although these lrends lean toward a 
stratospheric source for the enhanced upper tropospheric 
NO, in the WSW p u p ,  other sources such as lightning and 
combustion cannot be ruled out. Furthermore, it is clear that 
the air parcels in this upper tropospheric region were 
influenced by multiple sources, as the relative proportions 
of HN03 and PAN to NO,- are not consistent with a 
purely stratospheric source and the intermittent presence of 
CO mixing ratios in the 100-300 ppbv range. 

[w] C2CL is released exclusively by urbanlindustrial 
mocesses rBIakp er oL. 19961. and as such is a good t r a m  I 

=- I 

I I 

0 l w ~ r ) o 4 o o s o o s o o  
Midng-. pptv 

Fignre 7. NO, budget compaxisou for the five Asian 
source regions as a fimction of altitude (0-2, 2-7, and 
>7 km). Median values were used for to construct these 
budgets. 

bf air G e l s  influenied b;; metropolitan &. In the 
central and coastal groups there were very general linear 
relationships between NO,,, and C2CL but they were 
uncorrelated in the other gmups (Figure 10). We examined 
correlations between individual NO,- component species 
and they boo showed no clear corresponbce with CzCL. 
However, it appears that the use or release of C2Ck has 
decreased since the PEM-West B mission Russo el al. 
120031 found that median values of C2CL were about 
two-fold less than those observed in the PEM-West B study. 
This reduced Urbadindustrial signal probably contributed to 
the weak correlations between NO,, and CzCl., during 
TRACE-P. As mdicated by the centd group, amcentrated 
urban sources of C2Ch still do exist on the Asian continent 
Mixing ratios of CzCb peaked near 125 pptv when the 
Shanghiu urban plume was sampled o v a  the Yellow Sea. 
[N] Biomass burning on the Asian continent is expected 

to be a large source of NO,,, [Srreers et nl.. 20031. These 
emissions originate h m  fossil fuel combustion, bio-fuels 
fbr space heating and cooking, and agricultural pmctices. 
Good tracers of biomass burning emissions include soot 
carbon, fine aemsol potassium and ammonium, HCN, and 
CH3Cl [Cmtzen et al., 1979; Cm&a and A n h e ,  19903. 
Here we have chosen to use CH3Cl due to its availability on 
a I-min time basis. The NO,,, correlations with CH3CI 
over the western Pacific are depicted in Figure 11. The 
tightest correspondence was observed for the central source 
region, but it is entirely driven by sampling of the Shanghai 
plume. There were weak linear correlations in the SE Asia 
and coastal groups, and none in the NNW and WSW areas. 
Correlations very similar to those shown in Figure 11 were 
found using HCN instead of CH3Cl (not shown). This is a 
bit unexpected, especially for the SE Asian region where 
extensive biomass burning was indicated by satellite sur- 
veying during the TRACE-P time period (available at http:ll 
www.people.~s .harvard.edu/Nl~~s.htmi) .  Both the 

between C2H2 and NO,,, were examined fbr the five 
primary Asian source areas defined in Figure 6. These 
relationships are illushrated in Figure 8. To the best of our 
understanding, the only s o w e  of CzH2 to the atmosphere is 
combustion [Si& and Zimmsmun, 19921. NO,,, and 
C2Hz were highly correlated in the SE Asia region, and to a 
lesser extent in the centrai and coastal p u p s .  The central 
group exhibited the best correspondence between NO,.,. 
and C2H2, but this was largely driven by the highly polluted 
nature of the Shanghai plume. There was little or no 
correlation between these species in the IWW and WSW 
regions. These two regions are the farthest fiom the western 
Pacific, and as such have likely undergone more atmo- 
spheric processing than the other pups. The source rela- 
tionships are consequently more blurred in these datasets. 
As presented previously, the WSW group also showed the 
largest mixing ratios of NO, above 7 km of all five some 
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Figure 8. Relationships betw En NOY and C2H2 for each of the five Asian source regions. C: 
unique indicator of combustion emissions. 

is a 

Heald et al. [2003] and Siizgh et al. [2003] companion 
papers indicate that HCN is a better tracer of bioinass 
burning than CH3Cl in the kee troposphere, but this does 
not appear to hold up for clearly identifying a biomass 

burning source for NOy,sum. For species with simpler 
chemical transformations such as CO or C2H2, good corre- 
lations were found with HCN in a few limited cases [Russo 
et a/., 20031. 
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[3zJ Overall, it appears that a unique source signal rarely 
remained in air parcels advected h m  over the Asian 
continent to the western Pacific alter extensive processing 
during transpofi at the spatial resolution of the present 

tracers of urban ami biomass burning emissions respec- 
tively, provided minimal insight to the relative rmportance 
of these sources. This may be related to removal of NO, 
during transport eroding the original source signatures and 
correlations. For urban/industrial tracers we expanded our 
efforts to include CH3CC1, Halon-1211, and CHsBr 
(enhanced greatly in Japanese urban areas). None of these 
improved the source mgnition issues. Most distributions 
were centered commonly m d  the median mixing ratio of 
the tracer species employed in the analysis. This result 
implies tbat we must rely more than ever on mesoscale 
modeling results and associated emission inventories to 
facilitate our un- of continental scale atmospheric 
chemistry and intercontinental transport. 

-lysis. Both and CHsCI, Which fairly specific 

5. Characterization of tbe Shanghai Plume 
[33] The Shanghai urban plume was sampled during 

flight 13 at 0.34 km altitude over the Yellow Sea. The 
plume was encountered -100 km north of Shangha~ and 
sampled along a 300 km transect over a 38-min pen& 
around midday. The wind speed in the plume averaged 
7 m s-', yielding a travel time of 4 hours at the south end 
to 16 hours at the northernmost point sampled. Thus the 
plume seemingly sampled air originating in the Shanghai 
urban center in the late night hours (northem point) and 
midmorning at the southan end of the transect Thus it is 

possible that the peak mixing ratios represent the rrWrning 
Nsh hour time period. However, this is pure speculatioa 
and we do not know the threedimensional positioning of 
the plume and how the DC-8 transected it. This plume 
contained the largest mixing ratios of most species, with 
03 being one exception, observed during the TRACE-P 
mission. The plume was a combination of various age 
air parcels, with the freshest components exhibiting a 
CzH?/CO ratio of 9.3 and the rest in the 4-6 range 
(Figure 5). These values suggest a well-defined plume 
with emissions less than 1 day old. 
[M] The large mixing ratios of highly reactive species 

such as C& are evidence of the very recent emissions 
associated with the Shanghai plume (Figure 12). The 
combustion nature of the plume was capaned by the very 
high levels (-10,OOO pptv) of C2H2. Mixing ratios of CO 
peaked at 1100 ppbv and 392 ppmv for COZ (not shown). 
The urbadmdustrial signature of the pluxne contained a 
large ensemble of enhanced volatile organic compolmds, 
including C2CL and CH3Br (Figure 12). h4ixing ratios of 
CH3Cl and HCN exceeded 1600 pp€v (3 t h e s  backgmund 
levels), indicating tbat a strong biomass buming/biofuel 
component also influenced the chemical composition of 
the plume (not shown). Li et al. [2003] hypothesized a 
possible source from residential coal combustion for both 
CH&I and for HCN in this plume. 

1351 Since the Shangha~ plume appears to represent a 
large source of reactive nitrogen to the marine boundary 
layer over the Yellow Sea, we examined its NO,,, budget 
in detail. This included examination of the distribution of 
individual NO,.,, species, plus a breakdown of the seven 
alkyl nitrate compounds measured by the UCI-NCAR 
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Figure 10. Relationships between NO, and C2C14 for each of the five Asian source regions. C2ClJ is an 
indicator of urban/industrial emissions. 

groups. These data show that i-propyl and 2-butyl nitrate 
were the most abundant alkyl nitrate species in this urban/ 
industrial plume. Their peak mixing ratios were -70 pptv, 
followed by the pentyl nitrates at 20-25 pptv. Methyl and 

ethyl nitrate were among the least abundant, opposite to 
their distribution over the tropical Pacific where they appear 
to be released from the surface ocean contributing to the 
30-50 pptv levels typical of the remote inarine boundary 
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Figure 11. Relationships between NO, and CH3Cl for each of the five Asian source regions. CH3Cl is 
an indicator of biomass burning emissions. 

layer [Tulbor et aL, 2000; Bluke et uZ., 20031. Together the [36] The distribution of  individual NO,,, species 
alkyl nifnte sum exceeded 200 pptv m the heart of the showed the following approximate contributions: NO, 
plume, a very sigillscant amount but still less than 2% of (15%), HN03 (53%), PAN (30%), and alkyl-ONO? (2%). 
total NO,,-. At one point in the marine boundary layer aerosol nitrate 
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Figure 12. Chemical relationships and breakdown of individual NO,, species in the Shanghai mega-city 
plume. The DC-8 flight track was located along a 300 km north-south longitudinal transect at 12S0E. 

reached 13,500 pptv in the pluine [Dibb et al., 20031. Thus it 
was equal to or greater than total gas phase NO,-. This 
finding suggests that the Shanghai plume contains very large 
mixing ratios of HNO-, over the Asian continent, but that it is 
rapidly lost to sea salt aerosols over the ocean. Together the 

HN03 and aerosol nitrate must exceed 30,000 pptv over the 
Asian continent, with HN03 likely dominating the phase 
partitioning. These data indicate that OH levels in the plume 
are probably controlled to a large extent by reaction with 
NO2 to fonn HN03. However, detailed measurements are 
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required over the Asian continent to confirm such 
speculations concerning this mega-city ux+xin/industrial 
plume. 

6. 
Results 

[37] Owing to rapid industrialization on the Asian conti- 
nent, it is of great interest to examine changes in trip- 
spheric chemistry over the western Pacific during the past 
decade. Since PEM-West B was conducted during the same 
monthly time fiame in 1994 that TRACE-P covered in 
2001, direct meaningful comparisons are possible. In addi- 
tion, many of the species were measured by the same 
investigator groups during both missions, minimizing mea- 
surement biases. 

[38] Russo et al. [2003] found few changes in the dis- 
tributions and mixing ratios of a large suite of trace gases. 
One exception to this was 03, which appears to have 
increased by 10-20 ppbv throughout the westan Pacific. 
There was a very significant increase in the mixing ratios of 
water-soluble aerosol species dmng TRACE-P compared to 
PEM-West B [Dibb et al., 90031. It IS difficult to access how 
much of the 2-5 fold increases were due to emissions 
compared to other confounding factors such as variations in 
the degree of precipitation scavenging. 

[w] For the comparisons we used summary statistics for 
the PEM-West B period reported by Talbot et al. [1997aJ 
The PEM-West B data were broken into two groups, 
continental north and south, divided by a geographic 
separation at 20%. We thus annpared the amtinmtal no& 

and the continental south region with the SE Asia pup. 
The WSW group was not used in these comparisons since it 
overlaps significantly with both PEM-West B source 
regions. The values of NO,,,, for PEM-West B were taken 
fiom Talbot ef al. [1997a, 1997bl. 

species 
comparisons for the two westem Pacific missions. In the 
boundary layer for the northern groupings median mixing 
ratios of €IN03 and PAN were 2-5 times higher during 
TRACE-P compared to PEM-West B. An exception was for 
PAN in the -1 group. Although most of the difkemx S 

in mean values are Statistically sgmfjcant (t-test, P = 0.05). 
the maximum values are relatively similar. The camprukns 
for NO,,, are not sigdkantly diffkrent except fbr the 
central group at 0-2 km altitude where they were much 
greata than the PEM-West B results (P = 0.05). Cornpar- 
isons for the middle and upper troposphere revealed a 
remarkable similarity over the 7 year period between the 
missions. The only significant difference was for "03 m 
the coastal group where the mean values fbr TRACE-P were 
a factor of 2 higher than in PEM-West €3 (P = 0.05). 

[41] Comparisons of the continental south group with the 
TRACE-P SE Asia p u p  showed that differences existed 
but they did not vary in a systematic manner. In the boundary 
layer median mixing ratios of HNa and NO,,, were 
eight-fold and six-fold lower during TRACE-P, respectively. 
This may be due to the fact that during PEM-West B 
relatively few data were obtained in the continental south 
region [ T a h t  et al., 1997bI. W e  clearly did not get a good 
statistical sampling of air parcels in 1994, so the results are 

Comparison of TRACE-P With PEM-West B 

g r o u ~  with the TRACE-P coastal, -I. and NNW PUPS 

[a] Tables 1 and 2 contain a summary of 

Table 1. TRACE-P Nitrogen Budgd  summa^^ Statistics 
mllcyl- 

Source Rcgion NO, PAN HNQ ON02 NO- 

0-2 km 

2-7 h 

>l hn 

0-2 bn 

2-7 bn 

0-2 km 

2-7 km 

0-2 )on 

2.7 km 

7- 122 Ion 

2-7 bn 

7- 12.5 km 

mean 
stdev. 
d m  
min 
max 
mean 
stdev. 
median 
min 
max 
mean 
stdcv. 
mcdian 
min 
m a X  

mean 
stdcv. 
median 
min 
m x  
mean 
stdcv. 
median 
min 
Illi)X 

mean 
stdcv. 
mdian 
min 
max 
mcan 
stdcv. 
median 
min 
max 

mean 
stdev. 
median 
rnin 
max 
mean 
stdcv. 
mdian 
min 
max 
mcan 
StdCV. 
mdiw 
min 
Illi)X 

mean 
stdcv. 
median 
min 
max 
mean 
dN. 
median 
min 

m 
351 505 
695 326 
69 514 

3501 I477 
68 292 
79 244 
38 189 
5.1 89 

688 998 
132 282 
112 151 
41 236 
8.3 80 

551 550 

0.19 1.3 

Cenrral 
395 1 2 3  
437 1014 
216 888 
25 2.4 

3111 4264 
48 194 
44 69 
33 175 
1.1 118 

205 364 

CwElnl 
-34 201 
89 336 
6.5 19 
0.52 1.3 

581 1065 
40 142 
42 126 
29 115 
6.3 I5 

241 412 

SE Asia 
81 46 
187 51 
9.4 16 
9.0 2.7 

836 231 
81 157 
181 190 
9.4 80 
1.1 8.4 

836 660 
39 81 
32 58 
38 91 

139 3 8  
13 62 

WXW 
70 172 
46 62 
45 172 
7.8 78 

154 311 
112 258 
66 I82 

106 186 
12 30 

447 
195 
436 
63 

1198 
197 
243 
133 
49 

152 
191 
86 
41 

1030 

2028 

1323 
1293 
833 
222 
7412 
202 
110 
169 
106 
938 

439 
365 
322 
128 

2120 
439 
365 
326 
135 
816 

139 
217 
65 
12 
884 
338 
233 
240 
100 
1352 
102 
18 
83 
3.0 
320 

131 
47 
130 
81 
306 
138 
170 
106 
15 

56 
12 
54 
26 
89 
25 
I5 
21 

71 
71 
I5 
23 

50 

7.1 

3.6 

69 
33 
58 
25 
2 14 
20 

19 

30 

5.1 

9.1 

11 
20 
25 
10 

104 
11 

13 
10 
33 

1.9 

3.7 
43 
8.1 
3.2 
19 
10 
11 
5.4 
3.1 

32 
42 
62 
23 

45 

20 

8.8 
2.8 
8.3 
5 .O 

82 
5.1 
7.1 
1.8 

1 1  

940 
88 1 
591 
12 

5115 
388 
413 
255 
59 

3341 
416 
321 
295 
60 

1123 

2422 
2248 
1723 
222 

13487 
297 
150 
216 
65 
938 

541 
525 
386 
56 

3261 
43 1 
260 
475 
24 

1096 

218 
213 
91 

1158 
384 
330 
306 

1439 
1 14 
108 
162 

495 

6.4 

5.0 

5.8 

240 
118 
211 
81 
569 
309 
249 
241 
35 

max 3-54 699 1987 Z3 2257 
Sum of the individual species (scc text). 
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Table 2. PEM-WEST B Nitrogen Budget Summary Statistics 

Source Region NO PAN HNO3 CAlkyl-ONO2 NOv.-" 

0-1 km 

2-7 km 

>7 km 

0-2 km 

2-7 km 

>7 km 

Continental North 
mean 31 559 617 
stdev. 67 434 I263 
median 18 134 229 
min 3.1 54 30 
max 937 2187 6596 
mean 16 289 168 
stdev. 18 190 166 
median 13 108 126 
rnin 2.6 1.7 37 
max 568 885 1115 
mean 49 177 166 
stdev. 68 164 69 
median 39 98 146 
min 7.4 20 61 
max 8.33 965 389 

mean 
stdev. 
median 
min 
max 
mean 
stdev. 
median 
rnin 
max 
mean 
stdev. 
median 
min 

Con 
13 
7.8 
6.8 
4.6 
40 
15 
7.8 
17 
4.5 
30 
57 
34 
56 
7.9 

'finento1 Soulh 
78 615 
82 316 
6.4 548 
6.4 219 

247 1275 
35 455 
22 344 
13 421 
5.4 55 
68 1225 
57 124 
28 47 
38 122 
8.8 55 

NA 1084 
NA 1587 
NA 624 
NA 123 
NA 10243 
NA 449 
NA 305 
NA 406 
NA 64 
NA 1923 
NA 473 
NA 208 
NA 449 
NA 153 
NA 1033 

NA 941 
NA 1114 
NA 721 
NA 159 
NA 7029 
NA 779 
NA 206 
NA 257 
NA 75 
NA 868 
NA 2.u 
NA 132 
NA 243 
NA 68 

max 339 149 279 NA 540 
"swn of the individual species [Tolbor el al., 1997a. 1997bl. 

unlikely to be representative of that region. It may be 
fortuitous for the previous reason that the middle and upper 
tropospheric data are similar for both missions. Neverthe- 
less, it appears that in general the NO,,,, loading above the 
boundary layer has been affected minimally by increasing 
emissions on the Asian continent over the last 7 years. The 
data show that the biggest changes and influences were in 
the boundary layer. Liu et al. [2003] hypothesize that the 
higher mixing ratios of water-soluble aerosol in TRACE-P 
relative to PEM-West B [Dibb et al., 20031 together with 
higher NO,,,, in the boundary layer, may reflect stronger 
boundary layer outflow during TRACE-P because of more 
frequent frontal passages. Such interannual variability in the 
western Pacific region requires careful documentation to 
distinguish it from response to changes in emission sources. 

7. Summary 
[4?] We presented the general distributions of NO,,,, 

and individual NO,, species over the western Pacific 
during the TRACE-P study period of February-March 
2001. In general, NO,,, was dominated by HN03 and 
PAN, while NO, mixing ratios were commonly <lo0 pptv 
except in plumes where they exceeded 1000 pptv on a few 
occasions. There was a significant combustion influence 
over the western Pacific, as evidenced by the distributions 
of CO and C2H2. Correlations of NO,,, with an urban 
tracer such as C2Cl4 and CHlCl for biomass burning were 
not well defined in most cases. 

[.GI The distribution of the ratio C-H2/CO was striking, 
showing values in the middle to upper troposphere that 
mimicked the boundary layer and ones that support a 
scenario of rapid advective transport of continent emissions 
across the Pacific to at least 150'E. These findings suggest 
that extensive and rapid frontal uplifting and vertical trans- 
port is operating continuously over the Asian continent 
combined with extensive westerly transport of pollutants at 
all altitudes. This result helps explain the blurred correlations 
observed between NO,,, and CO or 03. Such continuous 
intermixing of air parcels of various ages and processing 
would lead directly to the very complex distributions and 
relationships that we observed for NO,,,,, CO, and 0 3 .  In 
addition, removal of NO, during transport would further 
distort source signatures and species intercorrelations. 

[44] On one occasion the Shanghai mega-city plume was 
characterized during a flight over the Yellow Sea. The plume 
was intercepted at 0.34 km altitude and exhibited peak 
mixing ratios of more than 10,000 pptv C2H2, 3,000 pptv 
C2H4, 12,000 NO,,, 8,000 pptv HN03, and 30 pptv 
CH3Br. c 1 - C ~  alkyl rutrates totaled 100-200 pptv, being 
dominated by 2-BuON02 and i-PrON02. Our results suggest 
that the Shanghai plume represents a large source of reactive 
nitrogen to the marine boundary layer over the Yellow Sea. 

[M] Comparison of results between the earlier PEM-West 
B mission and the recent TRACE-P campaign show 
remarkable similarities in tropospheric chemistry. This was 
most evident in the middle and upper troposphere where 
NO,.,, loadings appear to have been affected minimally 
by increasing emissions on the Asian continent over the last 
7 years. However, significant increases in the mixing ratios 
of NO,.,, species were readily apparent in the boundary 
layer. 
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